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Abstract
Carbon nanotubes possess many properties that are ideally suited for electronic applica-
tions, such as metallic/semiconducting behavior and ballistic transport. Specifically, in light
of mounting concerns over the increasing resistivity of the state-of-the-art interconnect ma-
terial, copper, and the associated rise in interconnect power consumption and delay, carbon
nanotubes are seen as a potential candidate for a future interconnect material. However,
current integrated circuit manufacturing processes are ill-equipped to deal with discrete nano-
materials such as carbon nanotubes. In this thesis, several methods for the deposition and
directed assembly of as-grown carbon nanotubes are examined. A metal/CNT-film structure
is proposed as a relatively simple method to incorporate CNTs into an interconnect structure.
Resistance comparisons between structures formed from films of Pd and randomly-aligned
SWNTs and control Pd structures are highly variable, indicating that Pd/CNT processing
techniques need significant refinement. However, comparisons between structures fabricated
with films of randomly-aligned SWNTs and Pd control resistors show that randomly-aligned
SWNT films are not competitive with pure metal structures, due to the low packing density
and alignment inherent to these films. Finally, a covalent chemical CNT functionalization
method to improve CNT handling without degradation in electronic conductivity is exam-
ined. SWNTs functionalized with this conductance-preserving carbene-CNT reaction, first
reported by Lee et al [1], show resistance about an order of magnitude higher than unfunc-
tionalized SWNTs but also an order of magnitude lower than SWNTs functionalized via a
more typical covalent chemistry. In addition, evidence for controllable Fermi level shifting is
seen for carbene-functionalized SWNTs, with shifts of up to 100 mV observed, and varying
depending on the extent of functionalization and type of carbene group used.
Thesis Supervisor: Francesco Stellacci
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This thesis is divided into several sections. In chapter 1, carbon nanotubes are intro-
duced, and some of their useful properties are discussed. In chapter 2, the potential of
carbon nanotubes as a future electronic interconnect material is discussed, including bene-
fits and challenges to overcome. Chapter 3 covers some of the experimental work I have done
in evaluating the potential of using directed assembly to deposit carbon nanotube patterns
on surfaces. In chapter 4, the fabrication and measurement of carbon nanotube-film and
metal/carbon nanotube-film resistor structures is discussed. Chapter 5 contains experimen-
tal work relating to a covalent functionalization scheme for carbon nanotubes that offers
improved performance and property control over normal functionalization schemes. Chapter
6 concludes this thesis, and Appendix A contains detailed experimental procedures.
Chapter 1
Introduction
Carbon nanotubes (CNTs) have attracted a lot of attention because of their fascinating
physical and electronic properties. Much work has been done on investigating possible CNT
applications for electronic devices, interconnects, sensors, and composite materials. In par-
ticular, CNTs are an attractive next-generation material for electronic interconnects in in-
tegrated circuits, because the small size and strong atomic bonds of CNTs confer ballistic
transport properties and high achievable current densities. While all-CNT interconnect ar-
chitectures may be possible in the future, at present the complex CNT structures that would
be necessary to replace modern metal interconnect structures is not achievable, due to the
lack of techniques for the rational manipulation of nanometer-scale, discrete elements such
as CNTs in an organized and highly parallel fashion. This thesis will focus on investigating
some potential techniques for fabricating rationally-designed CNT and hybrid metal-CNT
structures using post-growth CNTs. In addition, the use of covalent chemical modification
to control CNT handling properties and Fermi levels with minimal degradation of CNT
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electronic properties will be examined.
1.1 Carbon nanotubes
Carbon nanotubes (CNTs) are nanometer-sized structures of carbon with unique and po-
tentially useful properties. A carbon nanotube can be thought of as a rectangular sheet of
graphene that has been rolled up so that one pair of opposing sides meet and are joined
together. The simplest of carbon nanotubes is known as a single-walled carbon nanotube
(SWNT). Carbon nanotubes can also be composed of multiple concentric SWNTs; these are
known as multi-walled carbon nanotubes (MWNTs). Other types of carbon nanotube mor-
phologies are possible such as nanohorns and coils; these generally arise from defects in the
nanotube structure, and are beyond the scope of this thesis. The smallest diameter reported
for a SWNT is 0.3nm [2], grown by templating within a larger MWNT; typical SWNTs are
about 1.0 - 1.4 nm in diameter, and can range up to >3 nm. MWNTs have larger diameters
than SWNTs, because MWNTs are naturally composed of at least two concentric SWNTs.
Their diameters can range from tens to hundreds of nanometers. The length of CNTs can
vary quite widely, depending on synthesis conditions and other processing. Typically, CNT
lengths range from hundreds of nanometers up to microns and even millimeters [3].
Although all carbon nanotubes are composed of the same graphene material, they can
exhibit dramatically different properties, apart from the morphological considerations men-
tioned above. The key characteristic responsible for these different CNT properties is asym-
metry, or chirality. As previously explained, a simple way to visualized a SWNT is as a
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Figure 1-1: Illustration of the structure of a single-walled carbon nanotube (a), a graphene
sheet (b), a single-walled carbon nanotube endcap (c), and a multi-walled carbon nanotube
(d) [4]. These images were taken without permission from the referenced work.
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rolled-up rectangular sheet of graphene that is joined at two opposing sides such that equiv-
alent sites coincide. A wrapping vector C can be defined that points from one of these
equivalent sites to the other site in terms or multiples of the unit vectors of the graphene
sheet, C= nal + ma2. The two integers that determine C, (n,m), was first described by
Dresselhaus et al[5] and are used to describe the chirality of the nanotube. If n is equal to
m, then the nanotube is of the "armchair" type; if m equals zero, then the nanotube is a
"zigzag" type. All other nanotubes are called "chiral". Furthermore, it was confirmed by
Wildoer et al[6] that the chiral vector C of a nanotube determines its electronic properties.
Armchair carbon nanotubes and nanotubes where n-m is divisible by 3 are considered metal-
lic in nature[7], whereas all other nanotubes are semiconducting, with bandgaps dependent
on diameter and therefore chirality.
Figure 1-2: Structure and chirality of carbon nanotubes. On the left, the vector A-A'
represents the wrapping vector; the nanotube is formed by joining the parallel lines that
intersect the points A and A'. On the right is a categorization of the possible chiralities of
a carbon nanotube. Small dots represent chiralities that lead to semiconducting CNTs and
larger dots represent metallic chiralities. [8]. These images were taken without permission
from the referenced work.
Carbon nanotubes, because of their nanometer-scale diameters, can be ballistic trans-
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porters of electrons. Electron transport in a ballistic transporter is characterized by the
absence of scattering from impurities, defects, or the conductor itself. In normal bulk mate-
rials, scattering is omnipresent, and results in a finite resistivity and the linear dependence
of resistance on length that is known as Ohm's law. In a ballistic transporter, resistivity is
negligible, and therefore does not scale with length, resulting in a conductor with no resis-
tance. In reality, there are contact resistances associated with the transmission probability
into and out of a ballistic transporter; however, since conductance within the transporter is
resistance-free, the result is that a ballistic transporter has a finite resistance independent of
the transporter length [9]. It has been calculated that an individual SWNT acting as an ideal
ballistic transporter should have a resistance of 6.45 kQ [10], whereas individual MWNT bal-
listic transporters, depending on the number and diameters of contacted conducting shells,
can have conductivities that vary quite widely [11].
Carbon nanotubes have also proved to be very robust electronic conductors. Because of
the strength of the sp 2-type bonds that exist between the carbon atoms in a nanotube, CNTs
are not as prone to damage from the current-induced atomic electromigration that plague
normal metal wires. In fact, CNTs have demonstrated achievable current densities exceeding
109 A/cm 2, surpassing that of normal metal conductors by two orders of magnitude [12].
In addition to their superlative electronic properties, CNTs also possess a host of excel-
lent mechanical properties due to their extremely strong carbon-carbon covalent bonds. The
measured tensile strength of carbon nanotubes range from 100 to 600 GPa, two orders of
magnitude higher than carbon fibers, and their compressive strength range from tens of GPa
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to TPa [4]. In addition, CNTs are predicted to have extremely high thermal conductivities
in the axial direction, more than 6000 W/(m K) for SWNTs [13]. To date, there has been no
experimental determination of CNT thermal conductivity in the radial direction. However,
since graphite displays highly anisotropic thermal conductivities, with basal plane conduc-
tivities several orders of magnitude larger than conductivities normal to the basal plane, it
is generally believed that CNT conductivities will also follow the same pattern, with radial
thermal conductivities several orders of magnitude smaller than axial conductivities [14].
Chapter 2
Carbon nanotube as electronic
interconnects
2.1 The interconnect scaling problem
As the density of devices in a typical integrated circuit continues to grow due to manu-
facturers trying to pack more and more functionality into a limited area, the interconnect
structures needed to link the devices to each other and to the external world also follow the
same trend. The increasing complexity of interconnect structures means that the effective
length of conductor within the interconnect system also has to grow, and because integrated
circuit die size limits the amount of available area, effective conductor linewidth and spac-
ing (known as pitch) must decrease. For interconnect structures fabricated of copper, the
state-of-the-art interconnect material, the resistivity of the copper at linewidths less than
about 100nm begins to rise dramatically from the bulk value of 1.7pQ-cm, due to electron
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Figure 2-1: Components of copper interconnect resistivity versus linewidth [151. This figure
was taken without permission from the referenced work.
This increase in resistivity and the corresponding increase in line resistance is problem-
atic for several reasons. First, higher resistance means higher power loss. According to the
International Technology Roadmap for Semiconductors (ITRS), in the next five years, up
to 80% of the power used by a microprocessor will be dissipated in the interconnect struc-
ture [15]. In addition, the higher resistance contributes to a significantly higher interconnect
RC delay, and when this is coupled to dramatic improvements in transistor device delay, the
result is that interconnect delay begins to dominate system performance.
Another challenge facing conventional copper interconnects is current density. As inter-





not necessarily decrease. Therefore, the current density, or current per cross-sectional area,
will tend to increase. High current densities will lead to electromigration, electron-induced
movement of metal atoms. Electromigration can in turn lead to breaks in interconnect lines
or shorts between adjacent lines. The ITRS cites a maximum current density (Jmax) perfor-
mance target of 4.47 x 106A/cm2 for the intermediate wiring level by the year 2022 [15], and
maximum current density through copper is about 106A/cm 2. Therefore, current copper
technology will clearly not suffice for future interconnect applications.
Carbon nanotubes provide a potential solution to these problems. The nanometer-scale
diameters of most CNTs means that they are essentially one-dimensional systems capable of
ballistic transport, where electronic resistance arises primarily at the nanotube contacts and
is independent of conductor length. However, in an actual integrated circuit environment, it
is unlikely that electrons propagating in CNT structures will not undergo scattering events.
Therefore, full ballistic transport in CNTs will be difficult if not impossible to achieve in a
practical sense, and resistance in practical CNT interconnects will be length-dependent. De-
spite this, the mean free path of electrons in a CNT structure can be significantly larger than
the equivalent electron mean free path in metal interconnect structures, which translates di-
rectly into conductivity comparable to if not superior to equivalent metal structures [16].
In fact, modeling work done by several groups have examined the performance of potential
carbon nanotube-based interconnect structures. Naeemi and coworkers report that CNT
bundles and monolayers can provide conductivity improvements over copper-based intercon-
nects under various conditions [17][18][19], and researchers at Stanford have compared the
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performance of CNT-based interconnects to optical interconnects [20][21]. In addition, the
same sp2 carbon binding configuration that makes CNTs physically strong also makes them
particularly resistant to electromigration. Researchers have demonstrated maximum current
densities of 109A/cm2 for more than two weeks [12] through an individual SWNT, which is
two orders of magnitude larger than copper.
2.2 Incorporating carbon nanotubes into integrated cir-
cuits
Unlike the typical materials used in semiconductor manufacturing, carbon nanotubes occur
in mesoscopically discrete units. Therefore, incorporating CNTs into integrated circuits is
not just a matter of depositing a film of a certain thickness. In addition, CNTs are highly
anisotropic, and since many of the useful properties of CNTs such as electronic and thermal
conductance are anisotropic as well, CNT placement and alignment become important fac-
tors. Current semiconductor manufacturing processes are not particularly well suited for the
manipulation of tiny, discrete elements such as CNTs, so new processing techniques need to
be developed.
That being said, there are currently two possible methods by which carbon nanotubes
can be introduced into integrated circuits. The first method is via direct growth, where
CNTs are grown on the substrate in the desired locations and with the desired orientations.
The second method is via post-growth transfer, where the CNTs are grown in a separate
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process and then transferred to the substrate, resulting in CNT structures with the desired
locations and orientations. Both methods have their advantages and disadvantages.
2.2.1 Direct carbon nanotube growth
Carbon nanotube growth is a high temperature catalytic process. In general, CNT growth
occurs when a metallic catalyst serves as a seed into which high-energy carbon atoms dissolve,
resulting in an extruded, well-ordered tubular structure.
Figure 2-2: A proposed mechanism for CNT growth is via extrusion of carbon atoms from
a carbon-saturated molten catalyst particle [22]. This figure was taken without permission
from the referenced work.
Several common CNT growth methods are electric arc discharge, laser ablation, and
chemical vapor deposition. In the arc-discharge method, a graphite electrode doped with
metal catalyst particles is used. When a high voltage is applied across the electrodes, the
resulting arc supplies the energy needed to dissociated the carbon atoms in the graphite, and
CNT growth results. With laser ablation, a graphite target, also doped with metal catalyst,
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is vaporized with a high-energy laser, and the CNTs form in the resulting gas, which then
deposits on surfaces within the reactor.
Figure 2-3: A typical reactor for laser ablation CNT growth. The resulting superheated
carbon and metal catalyst particles are blown away from the graphite target, with CNT
growth occurring in midair, and condense on the cooled collector [23]. This figure was taken
without permission from the referenced work.
Chemical vapor deposition (CVD) is similar to laser ablation in that CNT growth results
from the coalescence of carbon gases into an organized structure; however, the gaseous
feedstock in CVD is usually a simple hydrocarbon such as methane or carbon monoxide, and
the energies needed for CNT formation is supplied by the high temperature in the reactor.
Metal catalysts can either be incorporated into the feedstock gas, supplied as another gas,
or pre-patterned onto a substrate that is placed within the reactor.
In general, while all three methods are suitable for supplying research-grade CNTs, CVD-
based processes are more easily adaptable for industrial applications for a number of reasons.







Figure 2-4: A CVD growth reactor. The carbon/catalyst feedstock is streamed into the
furnace and deposits on the sample [24]. This figure was taken without permission from the
referenced work.
whereas the CVD technique can. In the arc-discharge method, CNTs are produced within
a graphite electrode, and for laser ablation, the CNTs produced are free-floating and must
be recovered by collection on a cold finger. Second, because chemical vapor deposition is
already used for film deposition in semiconductor processing, CVD CNT growth processes
will be relatively easy to adapt for integrated circuit manufacture.
To date, researchers have succeeded in growing CNTs via CVD both horizontally and ver-
tically. By depositing patterned metal catalyst films on oxide surfaces, Ajayan and coworkers
have demonstrated the growth of pillars of multi-walled carbon nanotubes (MWNTs) per-
pendicular to the oxide surface [25] [26]. These pillars, particularly suitable for integrated
circuit vias, can be densified by further treatment [27]. Porous alumina scaffolds have also
been used to grow well-ordered arrays of vertical MWNTs [28]. Large, horizontal networks of
randomly-oriented multi- and single-walled carbon nanotubes have been successfully grown
via CVD, and some CNT alignment can be achieved by using gas flow or an applied elec-
tromagnetic field [29] [30] [31]. Well-aligned horizontal layers of CNTs have also been grown
via a templating process by which CNTs preferentially grow along certain crystal directions
of a miscut sapphire or quartz crystal [32].
The primary advantage of direct CNT growth methods is simplicity and alignment, at
least in the vertical direction. The prevalence of CVD processes in standard semiconductor
manufacturing simplifies the integration of CVD CNT processes. In addition, CVD methods
can produce CNT structures with very good vertical alignment, making direct growth the
best method for fabrication of vertical CNT structures such as vias. Finally, recent work
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Figure 2-5: Well-aligned arrays of MWNTs grown by CVD on silicon oxide [26]. These
images were taken without permission from the referenced work.
Figure 2-6: SWNT synthesis templated by miscut quartz surfaces [32}. This image was taken
taken without permission from the referenced work.
by Geblinger et al [331 on a modified growth techniques based on miscut quartz templating
have resulted in the growth of well-aligned, serpentine CNT structures (Fig. 2-7)
However, direct growth techniques also have some significant disadvantages. First, fairly
high temperatures (>600'C) are required for the growth of high-quality, defect-free CNTs.
Since CNT interconnect structures will most likely be deployed in back-end processing after
device fabrication, the high growth temperatures required will probably exceed the ther-
mal budget of the system, causing unwanted dopant and contaminant diffusion as well as
damaging any remaining metal structures. Second, current CNT growth techniques result
in a heterogeneous mix of CNTs with different physical parameters, chiralities, and elec-
tronic properties. Since post-growth CNT processing is very limited with the direct growth
method, this means that the quality of the grown CNT structure is essentially fixed by the
growth process. Combined with the highly-defective character of CNTs grown at low tem-
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Figure 2-7: SEM (a-e) and AFM (f) images of serpentine CNT structures grown via a modi-
fied surface-templating approach, along with a diagram of the proposed assembly mechanism
(g) [33]. These images were taken without permission from the referenced work.
peratures, this means that CNT structures grown with current semiconductor-compatible
CVD techniques will likely exhibit significantly suboptimal performance.
2.2.2 Directed carbon nanotube assembly
Methods for the targeted placement and alignment of carbon nanotubes on a surface con-
stitute a very highly researched area, for several reasons. First, the anisotropic structure
of carbon nanotubes means that many of their extraordinary properties such as mechani-
cal strength and electronic and thermal conduction are direction-dependent. Therefore, in
order to achieve maximum performance, carbon nanotubes devices or structures should be
composed of nanotubes that are as aligned as possible. Second, some of the most inter-
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esting applications of carbon nanotubes are as components in integrated circuits. Modern
integrated circuits contain intricate structures composed of millions of devices and intercon-
nects. In order to function properly, these complicated structures must be built to exacting
precision. If carbon nanotubes are to be incorporated into integrated circuits, then there
must also be processes to assure correct nanotube alignment and placement.
As mentioned previously, carbon nanotube placement and alignment can be accomplished
through one of two methods: direct growth or directed assembly. While the first method,
direct growth, will typically require fewer process steps and can provide excellent CNT align-
ment, and is a promising candidate for the fabrication of vertical interconnects such as vias,
the high temperatures required as well as the inability to process the grown CNTs are distinct
disadvantages. The second method for carbon nanotube placement and alignment utilizes
post-growth assembly. An immediate advantage is that there are no longer temperature
restrictions, since CNT growth will not occur on the device substrate. Another result of
the decoupling of CNT growth and CNT placement and alignment is that post-growth pro-
cessing of the CNT material such as purification and separation by parameter then becomes
feasible. Once processing is complete, the CNTs can then be transferred and incorporated
into the integrated circuit die.
CNT dispersion
Of course, it never is that simple. As-grown CNTs are notoriously difficult to work with. In
order for further processing or assembly, CNTs have to be dispersed into a solvent. However,
the van der Waals forces that hold CNT bundles together are extremely strong, which make
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CNTs extremely difficult to disperse. Strong mixing, usually via ultrasonication, can create
suspensions of CNTs in some organic solvents, but these suspensions are generally not very
stable. In addition, strong mixing can damage the structure of CNTs, possibly leading to
degradation in nanotube quality and performance. Nevertheless, relatively stable suspensions
of CNTs can be generated by using a surfactant solution, and solutions of CNTs can also
be made by chemically functionalizing the nanotubes with appropriate functional groups.
Chemical functionalization leads to its own set of issues, and will be discussed in further
detail in a later chapter.
CNT purification
The purification and separation of carbon nanotubes is a topic that is under much investi-
gation. CNT purification generally involves the removal of metallic catalyst particles and
non-nanotube carbonaceous material. Catalyst particle removal is relatively simple, done
by treatment with acid after oxidative cracking of the carbonaceous layers that typically
surround catalyst particles. The removal of non-nanotube carbonaceous material is more
involved, usually relying on treatment with strong acids or high temperatures. Because both
the carbonaceous contaminants and the desired CNTs are composed of the same material,
overly exuberant removal of contaminants will quite often result in significant damage to the
CNT material, such as CNT cutting, endcap destruction, and defect introduction. Exacer-
bating the issue is the fact that current CNT characterization techniques such as Raman
spectroscopy do not do a particularly good job measuring the amount of carbonaceous con-
tamination in CNT samples; the widely-used D:G ratio provides a useful relative gauge of
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the success of a particular purification technique, but says almost nothing about the abso-
lute quality of the CNT sample. Fortunately, it has been shown that damaged CNTs can
be repaired by high-temperature annealing in inert atmosphere, which could help alleviate
damage done by purification [34] [35].
CNT separation
Since as-grown CNT material is generally composed of a mixture of metallic and semicon-
ducting nanotubes, if the CNTs are intended for use as devices or interconnects, some type of
separation must be done in order to achieve optimal performance. CNT separation by phys-
ical or electronic parameters can be accomplished by several methods. Separation by length
can be done by chromatography, where shorter CNTs travel farther in a given timespan than
longer CNTs. However, the length resolution tends not to be particularly good, especially
if the starting CNT material contains a broad distribution of lengths. Separation by diame-
ter or chirality is currently impossible via purely mechanical means both because diameter
differences between different CNT types tend to be very small, and because CNT diameters
are far smaller than typical CNT lengths, which would dominate in any mechanical trans-
port. However, CNT separation can be accomplished by taking advantage of the variations
in electronic properties caused by differences in chiralities. For example, the separation of
metallic and semiconducting CNTs has been demonstrated by the use of dielectrophoresis,
in which the more-polarizable metallic CNTs move farther than the less polarizable semi-
conducting CNTs under the influence of an offset AC field [36]. Noncovalent and covalent
chemical functionalization techniques have also been tested, relying on the different propen-
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sities for modification that metallic and semiconducting nanotubes exhibit [37][38] [39] [40].
Other techniques for the separation of metallic and semiconducting CNTs such as electrical
breakdown [41] and gas-phase etching [42] also take advantage of the differences between
semiconducting and metallic CNTs, but they are less "separation" and more "selective de-
struction," and result in predominantly semiconducting CNTs, unfortunately not the best for
interconnect applications. Separation by chirality has been demonstrated by using specially-
sequenced DNA to selectively wrap and stabilize CNTs with certain chiralities in solution;
recovery of the suspended CNTs then provides a sample containing CNTs of all the same
chirality [43].
Directed self-assembly of CNTs
After post-growth processing, the CNTs must then be deposited upon the substrate in some
rational fashion. The directed self-assembly of CNTs and other nanomaterials on surfaces is
also a highly-researched topic. Self-assembly is a technique by which interactions between
molecules or nanoscale structures lead to the formation of locally-organized patterns. By
modulating these interactions, as well as interactions with the medium and the substrate,
it is possible to control the resulting patterns and to extend organization beyond the local
level.
CNT deposition on surfaces can easily be accomplished by a number of techniques such
as drop-casting, dip-coating, or spin-casting; however, the difficulty lies in feature placement
and alignment. Obtaining rational CNT patterns just by using these deposition methods
is nearly impossible; other techniques are needed for more precise features. One method
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for CNT assembly that has been extensively researched is the use of substrate modification
to define regions that will selectively attract or repel nanotubes. It has been shown that
surface monolayers of different compositions will attract CNTs to different degrees (Figure 2-
8) [44] [45] [46] [47] [48].
A a
Figure 2-8: AFM images of SWNTs assembled onto monolayer features fabricated via micro-
contact printing (a) and dip-pen nanolithography (b) on gold substrates. [44]. These images
were taken without permission from the referenced work.
In general, monolayers with ligands terminated with polar moieties such as amines or
carboxylic acids tend to attract CNTs due to induced dipoles and electron transfer, whereas
monolayer ligands terminated with nonpolar hydrocarbon chains tend to repel CNTs. There-
fore, CNTs deposited on a surface patterned with amine-terminated monolayers in one area
and hydrocarbon-terminated monolayers in another will tend to adsorb better on the polar
(amine-terminated) region than on the nonpolar (hydrocarbon-terminated) region. With
this method, CNTs can be deposited on a substrate in desired locations. However, directed
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assembly should also be able to align CNTs directionally. Current techniques for CNT
assembly tend to result in random CNT networks, which is not optimal for device and inter-
connect fabrication. Thus far, most attempts at CNT alignment after deposition have relied
on solvent flow and electromagnetic fields, similar to the techniques used for alignment dur-
ing growth. It has also been reported that CNTs can also be aligned by their interactions
with the interface between hydrophilic and hydrophobic regions on a surface, tending to
line up on the interface itself [49]. This work, by Wang et al, also demonstrates the use of
dip-pen nanolithography for the patterning of high-resolution features suitable for directed
CNT assembly and alignment with high precision on gold substrates (Fig. 2-9).
In addition, CNT-surface coupling can also be mediated by directly grafting functional-
ized CNTs to surfaces. Klinke et al [50] demonstrated the preferential binding of SWNTs
modified with hydroxamic acid groups to metal oxide surfaces (Figure 2-10), showing that
surface "functionalization" does not need to be based on organic monolayers.
Finally, Close and coworkers have recently demonstrated the fabrication of a fully-
operational integrated circuit incorporating dielectrophoretically-assembled MWNTs [51].
While this demonstrates experimentally the feasibility of CNT interconnects, the limited
nature of the experimental setup as well as the low process yield emphasizes even more
dramatically the need for highly parallel CNT assembly processes.
CNT-metal contacts
One final issue that needs to be considered for both growth and assembly cases is that
of CNT contact resistance. CNTs are an attractive next-generation interconnect material
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Figure 2-9: AFM tapping mode images of SWNTs assembled onto carboxylic acid-terminated
monolayer features written via dip-pen nanolithography on gold substrates. [491. These
images were taken without permission from the referenced work.
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Figure 2-10: SEM images of hydroxamic acid-modified SWNTs deposited on aluminum oxide
features. [50]. These images were taken without permission from the referenced work.
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because as potential ballistic transporters, the electronic resistance of wires of CNTs should
be independent of length. However, the resistance that is present, due to the quantum
resistance of the individual CNTs, is highly dependent on the CNT contact quality. Since it
is most likely that CNT interconnect deployment in integrated circuits will occur in stages,
CNTs will need to interface with metal lines, and to achieve optimal performance, it is
imperative that the contact resistance of metal-CNT junctions be minimized. For a SWNT,
a ballistic transporter with two channels, the minimum achievable contact resistance is about
6.45kQ. For a MWNT, which only has a single channel, the minimum contact resistance
is twice as much, about 12.9kQ per MWNT [10]. These theoretical values are calculated
assuming ideal CNT contacts, which are not easy to achieve in reality. Several types of metal
have been used to contact CNTs, such as titanium (Ti), gold (Au), aluminum (Al), palladium
(Pd), and platinum (Pt), with widely varying results. Liang et al fabricated chromium (Cr)-
SWNT contacts and observed resistances of -7kQ, very close to the theoretical resistance
value [52]. Kong et al observed conductivity of 2Go (Go = 2e2/h) in Ti-contacted CNTs near
zero K [53]. Mann et al used Pd to achieve reproducible contacts to CNTs with resistance
close to the theoretical limit at room temperature [54]. However, the exact nature of the
metal-CNT contact is not well understood. There have been many attempts to arrive at
metal-CNT contact properties from first principles, but the results to date have varied quite
widely [55]. Nevertheless, it is clear that certain types of metals, such as palladium, seem
to form better contacts with CNTs under experimental conditions. The contact quality is
probably due to a combination of electronic (Fermi level matching) and physico-chemical
effects (metal-CNT wetting behavior).
2.3 Conclusion, prospects for CNT-based interconnects,
and scope of this work
While CNTs may be a promising candidate for a next-generation electronic interconnect
material, at present there are many issues that must be addressed before CNT-based IC
applications become commercially viable. Each of the two potential methods for CNT in-
tegration have their own challenges to overcome. For direct growth techniques, the main
challenge is how to grow high-quality CNTs at temperatures suitable for a back-end IC
manufacturing process. For deposition techniques, the main challenge is how to fabricate
rational, ordered structures with CNTs.
One issue that was not specifically addressed in the previous discussions is differenti-
ation between horizontally-oriented interconnect lines and vertically-oriented interconnect
vias. Both components are necessary for a fully-functional integrated circuit; however, the
approaches for fabricating CNT-based horizontal lines and vias will likely be different. The
growth of well-ordered vertical CNT columns has already been shown; while CNT bulk
transfer techniques may be used to transfer as-grown CNT pillars to different substrates, at
present there is no work that indicates that deposition-based CNT structure fabrication can
result in vertical CNT structures comparable to as-grown CNT pillars. Therefore, it seems
quite probable that some type of modified direct growth or bulk transfer technique will be
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used to fabricate vertical CNT vias.
For this thesis, however, the focus will be on investigating potential fabrication and
supporting processes for the deposition/assembly method of horizontal SWNT structure
fabrication. First, methods for the directed assembly of SWNTs onto surfaces will be exam-
ined. Next, the fabrication and measurement of a novel metal/SWNT-film hybrid resistor
structure will be investigated. Finally, a chemical technique for the dispersion and modifi-
cation of SWNTs that circumvents one of the main disadvantages of CNT chemistry will be
investigated.
Chapter 3
Directed Assembly of Carbon
Nanotubes
3.1 Introduction
As discussed earlier, examples of CNT processing include purification of the as-produced
CNT material to remove catalyst particles and non-nanotube carbon, separation of nan-
otubes by physical and electronic properties such as length, diameter, or metallic/semiconducting
character, and the modification of CNT characteristics, like conductivity, Fermi level, or de-
fect repair. Handling of large amounts of CNTs on a microscopic or mesoscopic scale typically
requires the use of some sort of solvent, and so most CNT post-growth processing techniques
rely on some sort of CNT solution or dispersion. CNT assembly is no exception, and this
chapter will discuss some of the issues related to CNT assembly onto a surface.
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3.2 Surface preparation for CNT assembly
CNT assembly from a solvent onto a surface is dependent on the various interactions between
the CNTs, solvent, and surface. Well-dispersed solutions of CNTs are typically used for
assembly, mainly for ease of characterization and manipulation. This implies that CNT-
solvent interactions are fairly significant, so to obtain good deposition on a surface, the
CNT-surface interactions must be at least as strong as CNT-solvent interactions.
Silicon oxide is one of the prototypical materials used as substrate for the investigation
of carbon nanotubes. When clean, silicon oxide is very hydrophilic. Since CNTs tend to be
rather hydrophobic, the interaction between bare silicon oxide and unmodified CNTs is very
poor due to surface energy mismatch. The very same issue of hydrophobicity arises when
CNT-solvent dispersions are desired, particularly when water is the solvent of choice. In the
case of CNT dispersion in water, the simplest solution is to introduce a surfactant into the
CNT-solvent mixture. Surfactant molecules, being amphiphilic, will arrange themselves so
that their hydrophobic ends point toward the CNTs and their hydrophilic ends point toward
solvent molecules. Micelle-like assemblies containing CNTs are then formed in the mixture,
and thus CNTs can be stabilized indefinitely in water. Surfactant stabilization also improves
the interactions between CNTs and hydrophilic surfaces such as silicon oxide. When CNTs
in a surfactant solution is used, well-dispersed and individual CNTs can be deposited on a
clean oxide surface.
The main drawback of surfactant-based CNT deposition stems from the same reason
why excellent dispersion of CNT can be obtained in a surfactant solution: namely, the
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surfactant. When CNTs from a surfactant solution is deposited upon a surface, surfactant
is also deposited, often as a fairly thick film. This film can be easily removed by rinsing with
water, but quite often results in the removal of a significant number of deposited CNTs as
well. This clearly presents an issue when relatively dense networks of deposited CNTs are
desired.
Another method to improve the dispersion properties of CNTs in solvent is via direct
or covalent chemical modification of the CNTs. The surfactant example given above is
an instance of indirect, or noncovalent, chemical modification of CNTs. In noncovalent
modification methods, a third material is used to mediate the interactions between CNTs
and the solvent. Molecules of this third material generally remain discrete from both the
CNTs and the solvent. Covalent chemical modification of CNTs involves grafting mediated
molecules directly onto the CNTs. By changing the kind of molecules grafted, different
dispersion and handling properties can be imparted to the functionalized CNTs. As might
be expected, covalent chemical functionalization of CNTs also leads to some undesirable
consequences, such as introduction of defects into nanotube structure. These issues will be
discussed at greater length in a later chapter, but disadvantages notwithstanding, direct
chemical modification can provide CNTs with dispersion similar to CNTs in a surfactant
solution, without the need for post-deposition rinse with the potential of removing deposited
CNTs. Thus, covalently-modified CNTs provide a good material to test assembly techniques.
Solvent-based CNT deposition on surfaces can be thought of as occurring in two stages.
First, when the surface is in the CNT/solvent mixture, CNTs can deposit by being attracted
61
to the surface. Second, when the solvent is removed, any CNTs that are near the surface
can be trapped into depositing. Despite the difference in surface energy between unmodified
CNTs and silicon oxide, CNTs dried on an oxide surface will adhere fairly well. Therefore,
the key to increasing or decreasing CNT deposition density is how well the oxide attracts
or repels CNTs while within the solvent, which can be controlled by modifying the oxide
surface energy.
One simple way to change the surface energy of an oxide layer is by using a self-assembled
monolayer. Self-assembled monolayers (SAMs) are films of molecules, known as ligands, that
arrange themselves in a specific orientation, determined by the interactions of the ligands
with each other and the surrounding medium or surface. It has been shown [44][45][46][47] [48]
that CNTs are attracted to surfaces modified with monolayers bearing polar headgroups and
repelled from surfaces modified with nonpolar-headgroup monolayers. This is not due to the
surface energy phenomena discussed earlier; if this were the case, the opposite behavior would
prevail. Instead, this attraction has to do with attractions between induced charges. CNTs
tend to be fairly polarizable, and a polar (charged) surface will induce dipoles in nearby




To test the CNT adhesion-promoting properties of polar surfaces, monolayers of 3-
aminopropyltriethoxysilane (APTES) were grown on cleaned silicon oxide. APTES (Fig-
ure 3-1) has a siloxane group on one end and an amine group on the other. Monolayers
were either grown by a solution method or a vapor method (See section A.2.2 on page 199).
The CNTs used for these adhesions tests were nitrobenzene-functionalized HiPco single-
walled carbon nanotubes (SWNTs) dispersed in dimethylformamide (DMF). The actual
CNT deposition was done by immersing the monolayer-functionalized oxide substrates in
the nitro-SWNT/DMF solution, then withdrawing them slowly.
Figure 3-2: AFM images of nitro-SWNTs cast on bare silicon oxide substrate. Substrates
were immersed for 2h in nitro-SWNT/DMF solution. Note the relatively sparse density of
adsorbed SWNTs, with less than 5 SWNTs per 100,m 2.
Figures 3-2 and 3-3 show atomic force microscope (AFM) images of the unmodified
substrate and the solution-grown APTES substrate after immersion in the CNT solution.
With the same CNT deposition parameters, the AFM images show that more CNTs adhered
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to the solution-grown APTES substrate than to the bare oxide substrate.
Figure 3-3: AFM images of nitro-SWNTs cast on solution APTES-modified silicon oxide.
Substrates were immersed for 2h in nitro-SWNT/DMF solution. Higher densities of adsorbed
CNTs are observed here versus the bare oxide in Fig. 3-2, but absolute density is still fairly
low.
However, even with the help of the polar APTES monolayer, the density of deposited
CNTs was fairly low. It has also been reported [56j that monolayers on gold with carboxylic
acid-terminated ligands are more attractive to CNTs than monolayers with the equivalent
amine-terminated ligands. Since carboxylic acid-terminated silane molecules were not com-
mercially available, a coupling reaction using sebacoyl chloride was used to turn amine-
terminated APTES monolayers into carboxylic acid-terminated monolayers.
Figures 3-4 and 3-5 show AFM images of nitro-SWNTs cast on APTES (Figure 3-4)
and carboxylic acid-modified APTES (Figure 3-5) substrates. A qualitative difference can be
seen between the two different monolayers (Fig. 3-4(a) vs Fig. 3-5(a)). However, the density
of CNT adhesion is very similar for both substrates, or even slightly better on the APTES
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(a) APTES surface (b) APTES surface with nitro- (c) close-up of surface with
SWNTs SWNTs
Figure 3-4: AFM images of APTES-modified silicon oxide with nitro-SWNTs.
(a) COOH-modified surface (b) COOH-modified surface with (c) close-up of COOH surface with
nitro-SWNTs SWNTs
Figure 3-5: AFM images of COOH-modified APTES silicon oxide with nitro-SWNTs. Note
the slightly lower adsorbed CNT density on this sample versus the APTES-modified sample,
particularly visible in the close-up images (Fig. 3-5(c) for COOH vs. Fig. 3-4(c) for APTES).
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substrate. Therefore, it seems that the sebacoyl chloride functionalization of the APTES
monolayer did not make a large difference in CNT adsorption. It must be mentioned that
the modified APTES monolayer was not specifically tested to see if the carboxylic acid
modification worked as planned, but this could be done via contact-angle measurements.
Note, however, that the deposited CNT densities on these substrates are significantly
higher than the substrates shown in Figures 3-2 and 3-3. Exact quantification is difficult,
but a rough count of visible CNTs shows about an order of magnitude increase in deposited
CNT density, proving that polar monolayers can help increase CNT adhesion to surfaces.
Finally, the growth of monolayers for CNT adhesion enhancement on other substrates was
tested. Specifically, the material of interest was silicon nitride, because of its etch resistance
in highly basic solutions. Using a procedure reported by Diao et al [57], an APTES monolayer
on silicon nitride substrates was grown and followed by immersion deposition of unmodified
SWNTs.
Figure 3-6 shows SWNTs adsorbed on bare cleaned silicon nitride substrates after 2h
immersion in P0304/DCB followed by a DCB rinse. Note that there are a significant number
of CNTs present.
In contrast, the vapor APTES-functionalized nitride substrates in Figure 3-7 do not seem
to show evidence of CNT adsorption. However, comparisons of electronic measurements
between metal electrodes fabricated on unfunctionalized and APTES-functionalized nitride
substrates indicate that both samples exhibit similar resistance values commensurate with
deposited CNTs, implying that CNTs were also present on the APTES-nitride samples. It is
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Figure 3-6: AFM images of unmodified P0304-SWNTs cast on cleaned silicon nitride sub-
strates. Note the relatively high density of adsorbed CNTs, particularly when compared to
CNT deposition on bare silicon oxide (Fig. 3-2).
Figure 3-7: AFM images of P0304-SWNTs cast on v-APTES silicon nitride. Very few CNTs
are visible, compared to the bare nitride surface in Fig. 3-6.
possible that the monolayer growth process further roughens the nitride surface, making it
difficult to distinguish CNTs from the nitride background. Looking closer at Figure 3-7(b),
there is some evidence of nanotube-like structures scattered about on the surface. However,
it is uncertain whether these actually are CNTs, or merely imaging artifacts.
3.3 CNT deposition on monolayers patterned via soft
lithography
Polar monolayers on silicon oxide surfaces can be used to increase the density of CNTs
adsorbed on the surface. They also provide a potential mechanism whereby CNT deposition
on the surface can be controlled. While polar monolayers act to attract CNTs, nonpolar
monolayers tend to repel them. It should therefore be possible to fabricate surface patterns
consisting of polar and nonpolar monolayers that would selectively attract and repel CNTs.
Thus, patterned CNT deposition can be achieved.
For initial tests, a soft lithographic technique known as microcontact printing, first de-
veloped by the Whitesides group at Harvard [58] was used. This method uses an inked
polymer stamp to transfer a pattern to another substrate. The objective in this particular
experiment was to simultaneously print monolayers with different ligand types on a surface.
The printing procedure, shown in Figure 3-9, uses a polydimethylsiloxane (PDMS) stamp
to print the nonpolar octadecyltrichlorosilane (Fig. 3-8) ligands on the oxide substrate first,














Figure 3-9: Monolayer patterning via soft lithography. In step 1, a PDMS stamp inked with
OTS is brought into contact with a clean silicon oxide substrate. Once in contact, OTS is
transferred, and the stamp then removed (step 2). In step 3, the substrate is then immersed
in a solution of APTES, which proceeds to fill in the exposed oxide surface. Finally, in step
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(a) Stamped 2.5pm OTS lines on Si (b) OTS/APTES 5pm lines on Si
Figure 3-10: AFM images of stamped and backfilled silicon substrates
Figure 3-10(a) shows PDMS-stamped lines of OTS, and Figure 3-10(b) shows a different
sample after the subsequent APTES backfill. Note that while the OTS lines appear to be
about 20 nm high in the left image, the height difference dramatically decreases after the
APTES backfill on the right. APTES is significantly shorter than OTS, so the decrease in
height differential is not only due to the backfilling silane, but also because immersion in the
backfill solution acts to clean the stamped OTS features by removing poorly bound OTS
molecules. Thus, the height of the OTS lines decreases while the height of the formerly bare
oxide surface increases.
Figure 3-11 shows PDMS stamped OTS/APTES lines after nitro-SWNT immersion cast-
ing. The left images show the samples right after the casting, and the images on the right
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Figure 3-11: AFM images of assembled nitrobenzene-modified SWNTs on OTS/APTES
patterns dip-washed with DMF for 15m (top) and 10s (bottom). The deposited CNT density
is directly related to the wash time, with the samples washed for 15m showing significantly
less CNTs than the samples washed for 10s. In addition, note that the stamped OTS region
seems cleaner for the 10s sample than for the 15m sample.
4" ^
even on the OTS regions. After the rinse, most of the material on the OTS regions is
removed.
(a) before sonication (b) after sonication
Figure 3-12: AFM images of nitro-SWNTs immersion-cast on OTS/APTES lines before and
after sonication in DMF. Sonication appears to help removed adsorbed material from the
stamped OTS region, although some material loss also appears to have occurred on the
APTES regions.
Figure 3-12 shows OTS/APTES stamped substrates cast with nitro-SWNTs before and
after 10s sonication in DMF. In the OTS-covered regions (dark), there is initiall very little
CNT material adsorbed. After sonication, there is even less material there, while a significant
amount of material remains on the APTES-functionalized areas (bright regions). Note that
the APTES areas have so much material adsorbed there that they are noticeably higher
than the OTS areas, whereas the difference was barely visible in the OTS/APTES sample
in Figure 3-10(b).
3.4 Masked silanization and CNT deposition
Forming patterns in semiconductor processing typically relies on pattern transfer from a
mask, a type of stencil. This is most evident with photolithography, where a mask with
transparent and opaque regions is used to define substrate areas for further processing. In
theory, this process should also be adaptable for patterning monolayer growth and CNT
deposition on a surface. However, note that most monolayer growth and all CNT deposition
mentioned thus far are solvent-based techniques. This means that issues of solvent and
material compatibility become crucial. For example, if the photoresist used for a particular
pattern is soluble in organic solvents, post-patterning monolayer growth or CNT deposition
cannot utilize organic solvents, otherwise irreparable pattern damage will occur. Likewise,
because monolayer growth changes the surface energy of a substrate, photoresist may not
adhere as strongly to a monolayer-modified surface, thus changing the photolithography
parameters. These issues will be discussed in more detail further in this section.
Initially, attempts to pattern monolayer deposition were done with electron beam lithog-
raphy by writing patterns on poly(methyl methacrylate) (PMMA) resist. Since the typical
solvent for solution-based monolayer growth is toluene, which is incompatible with PMMA,
vapor deposition techniques were used. However, the surfaces exposed after PMMA de-
velopment could not be cleaned enough for silane deposition without damaging the resist
layer. Therefore, instead of patterning the monolayer deposition, an alternative technique
of patterning CNT deposition was adopted. A monolayer was deposited before subsequent











Figure 3-13: Procedure for PMMA-masked CNT deposition after silanization. In step 1, an
APTES monolayer is grown on a clean silicon oxide surface. PMMA resist is then deposited
and patterned and developed via electron beam lithography in step 2. In step 3, CNTs are
deposited from a solvent compatible with PMMA photoresist, such as ethanol. Finally, in
step 4, the remaining PMMA is stripped.
Figure 3-14: AFM images of dip-coated nitro-SWNTs, after acetone liftoff. Note the se-





Figure 3-14 shows the results from immersion-casting nitro-SWNTs onto an electron
beam-written '+' pattern on an APTES monolayer. SWNT deposition is primarily confined
to the exposed regions, with some overlap on unexposed regions, probably due to SWNT
movement during resist liftoff. Note that the written region seems significantly lower than
the unexposed areas.
Figure 3-15: AFM images of dropcast
CNT density is much higher than for
overlap onto the masked regions, due
CNTs.
nitro-SWNTs, after acetone liftoff. The deposited
the dip-coated case, but also results in significant
to the probably entangled nature of the dropcast
Figure 3-15 shows results from dropcasting of nitro-SWNTs. There is significantly more
CNT deposition in this case than in the immersion-cast method, but homogeneity of deposi-
tion is more of an issue, as well as CNT overlap onto unexposed regions after resist removal.
Also note that SWNT deposition also does not occur particularly well on extremely thin
lines (0.5/pm lines, Fig. 3-15(b)).
Unmodified SWNTs in 1% sodium dodecylsulfate (SDS)/water was also dropcast on
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Figure 3-16: AFM images of dropeast unmodified SWNT/SDS/water after acetone liftoff.
There is significantly more overlap onto masked regions, but the deposited CNTs are less
entangled. In addition, note the alignment of CNTs near the edge of the patterned region,
particularly evident in Fig. 3-16(b).
electron beam-written PMMA/APTES samples (Fig. 3-16). After acetone liftoff, a significant
number of SWNTs remain on the sample, while most of the surfactant film appears to have
been removed. Also, there appears to be significant alignment along the patterned lines.
However, note the very significant overlap of deposited SWNTs onto the masked regions.
The apparent height difference between the electron beam-written and unexposed re-
gions was of some interest. Further resist stripping of a nitro-SWNT immersion-coated
PMMA/APTES sample with hot acetone and hot n-methylpyrrolidinone (NMP) reduced
the height difference by a few nanometers, but not entirely. This implied that the height dif-
ferential was not due to residual resist. Since the lithographic process involves electron beam
writing, which may conceivably damage the underlying monolayer, equivalently processed
substrates were examined with AFM without CNT deposition.
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Figure 3-17: AFM images of dip-coated nitro-SWNTs, after further liftoff with hot acetone
and NMP. Even after treatment with NMP, there is still a slight height difference between
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Figure 3-18: AFM images of electron beam-patterned APTES monolayer. The written and
masked regions look qualitatively different, and there is a slight height difference (on the





Figure 3-18 shows APTES monolayers after electron beam writing. The regions scanned
by the electron beam (the '+' shape) can be clearly distinguished from the surrounding
surface. In addition, these features could also be distinguished optically, with the written
regions showing a very slight color change. OTS monolayer-modified samples were also
tested, but due to poor adhesion of the PMMA resist, they could not be suitably processed.
3.4.1 Patterned vapor-phase silane deposition via lithography
In order to integrate the use of a nonpolar monolayer such as OTS into lithographic pro-
cesses to direct CNT assembly, it was evident that monolayer growth had to occur after
the lithography step. OTS solution-phase monolayer growth was incompatible with both
electron beam and optical lithographic processes, because the solvent of choice, toluene, is
incompatible with the photoresists used. Therefore, vapor-phase monolayer growth had to
be used. Previously, vapor-phase growth of monolayers had not been successful, possibly
due to insufficient cleaning of the surface before growth. To test this, a relatively thick
photoresist coupled with optical lithography was used. After lithography and development,
the substrates were subject to oxygen plasma briefly, so that the photoresist would not be
etched through. Vapor-phase monolayer growth then followed as described previously. After
monolayer growth, the photoresist was stripped by acetone, then CNT deposition occurred
via immersion casting.
Figure 3-19 shows the results of immersion-cast CNT deposition on photoresist-patterned
OTS monolayer growth. A distinct difference can be observed between the photoresist-
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Figure 3-19: AFM images of masked v-OTS monolayer deposition and subsequent SWNT
(SP0300)/DCB overnight soak and rinse. The vertical spotted region was masked with
photoresist during the monolayer growth process. CNT adsorption is visible on the region
masked during OTS deposition (Fig. 3-19(c), but not on the OTS-modified regions.
masked, unfunctionalized region (vertical band on left of images) and the region exposed
to vapor OTS. Note that although deposited CNT density is very low, CNTs can definitely
be seen in the unfunctionalized areas, and possibly a few CNTs in the OTS regions. How-
ever, the unfunctionalized areas are very contaminated, which may make further processing
difficult.
The vapor-OTS functionalization seems to have done something to the exposed regions,
and the scarcity of observed SWNTs in those regions indicates that there are some CNT-
repelling characteristics. Therefore, it seems reasonable to assume that the vapor-OTS
deposition process succeeded, although quantification of the amount of adsorbed SWNTs is
difficult to accomplish, both due to sparsity of actual adsorbed SWNTs as well as imaging
resolution.
masked during monolayer deposition
4.0prn
3.4.2 Metal masking
As mentioned previously, one of the problems with using a resist-based masking process for
SWNT deposition is that often the solvents used are incompatible. For example, the typical
silane monolayer growth solvent used is toluene, and the best solvent for many functionalized
SWNTs is DMF, both of which dissolve photoresists for electron beam and optical lithog-
raphy. There are other possible resists, such as SU-8, an epoxy-based resist, that withstand
organic solvents better; however, the strength of the resist also poses problems with respect
to film thickness and resolution and stripping methods. One possibility to circumvent the
resist problem is a metal masking system. Essentially, instead of using a photoresist to
mask the SWNT deposition, a metal film is used, such as gold. Gold is resistant to toluene
and DMF, and also to the SC1 organic clean, which means exposed areas can be cleaned
immediately before silane deposition.
As is evident in Figures 3-21 and 3-22, the metal-masked samples are rather dirty, even
before mask removal. Stronger cleaning methods such as sonication could probably remove
most of the particulate matter, but were not used in this case because of concerns that the
thin metal layer would be damaged or stripped away. A thicker metal layer may be less
susceptible to sonication damage. However, note that there is evidence of CNT deposition
in both the nitro-SWNT (Fig. 3-21) and the unmodified SWNT (Fig. 3-22) cases.
Figures 3-23 and 3-24 show AFM images of immersion-cast nitro-SWNTs on substrates
with Au-masked silane deposition after metal removal via wet etch methods. The metal strip
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Figure 3-20: Metal-masked silanization and CNT deposition process. In steps 1-3, optical
lithography and metal deposition is used to fabricate a metal structure on silicon oxide. In
step 4, the substrate is cleaned and an APTES monolayer grown via vapor deposition. CNTs
are deposited onto the substrate by casting from solution in step 5, and in step 6 the metal
mask is etched away.










Figure 3-21: AFM images of nitro-SWNTs immersion-cast on Au-masked













Figure 3-22: AFM images of unmodified SWNTs immersion-cast on Au-masked APTES









Figure 3-23: AFM images of nitro-SWNTs immersion-cast on
after metal mask removal. CNTs are still visible on exposed



















Figure 3-24: AFM images of etched metal regions on immersion-cast nitro-SWNT sample.
Despite the metal mask, CNTs are still present.
-- -
5.00
of the metal-masked regions (Fig. 3-24 shows that there are CNTs present. This is probably
due to a combination of CNT length and the wet etch process. Since the CNTs are long, and
the etching process heterogeneous, parts of the masked CNTs probably are lifted off, but
other parts remain stuck on the surface. In this fashion, CNTs will remain on the surface
even after all the metal is removed.
3.5 Conclusion
In this chapter, some potential methods for the directed assembly of carbon nanotubes
have been discussed. Although some limited success has been demonstrated in the selective
placement and alignment of carbon nanotubes on a substrate, significant challenges remain.
Attempts to deposit carbon nanotubes onto a surface from a solution tend to result in one
of two situations. In the first, nanotubes can be placed in predetermined locations, often with
good control of alignment. However, only a few nanotubes can be assembled in this fashion.
In the second situation, larger quantities of nanotubes are deposited upon the surface, but
with a corresponding lack of placement or alignment. This conundrum is not limited to just
CNT deposition from a solution; it in fact is an issue for any post-growth deposition process
for discrete elements. For assembly processes, the tradeoff between placement/alignment
and deposited density is a result of the interactions between the discrete element and its
surrounding medium. As the discrete element becomes smaller and smaller, its interactions
with the environment become relatively stronger, and when this is coupled with the increased
challenge of manipulating smaller elements, it becomes far more difficult to simultaneously
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control positioning and density.
Solvents are most often used as the medium to contain the elements to be assembled,
and this is no different for the case of carbon nanotubes. The initial requirement that
carbon nanotubes be well-dispersed in the solvent so as to prevent uncontrolled aggregation
and deposition also means that the interaction between the solvent and the CNTs must be
strong enough to counteract CNT-CNT affinities, which are already rather large due to the
strength of CNT 7r - 7r sidewall interactions and their high aspect ratios. Therefore, when
directed assembly onto a surface is desired, the interactions between the surface and the
CNTs must be stronger than the affinity between the CNTs and the solvent. In addition,
if directed assembly on the surface is desired, there not only must be a strong interaction
between the surface and CNTs in solution, but the CNTs must also feel different interactions
with different regions on the surface, and these differences must be strong enough to compete
with the affinity of carbon nanotubes for the solvent. Making this issue even more intractable
is the fact that directed assembly processes often rely on reversibility in order to achieve the
final structure or pattern, which implies relatively small energy differences.
As mentioned previously, deposition selectivity and alignment accuracy is often inversely
related to deposition density. This is not necessarily an issue, depending on the densities
required. For CNT-based devices, the density is not necessarily limited by the assembly
process, but may also depend on the back-end processing required to interface the devices
to each other and the outside world. In this case, the relatively relaxed density requirement
means that more emphasis can be placed on refining targeting and alignment accuracy.
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However, if the CNTs are meant to serve as more of a material replacement, for example as
a substitute for metal in interconnect structures, then the situation becomes far different.
As the next chapter will discuss in more detail, CNTs are a promising candidate for a next-
generation electronic interconnect material. However, their suitability as interconnects is
based on the assumption of dense, highly-packed and aligned structures of CNTs. At this
point in time, given the current inverse relationship of targeted assembly/alignment and
deposited density, for CNT-based interconnects to be competitive, one or the other must be
sacrificed.
How can these challenges be addressed? First, CNT homogeneity would be an excellent
starting point. The variation in energy and interactions that is the crux of obtaining good
assembly is amplified when the material being assembled is heterogeneous. CNTs of differ-
ent chiralities, diameters, lengths, and defect densities will have different interactions with
the solvent and the surface, which complicates assembly. Therefore, any processing tech-
nique that can improve the uniformity of CNT material will also improve CNT assembly.
Second, CNT alignment can be enhanced by higher-resolution surface patterning combined
with surface energy modification. By further decreasing the sizes and shapes of the regions
favorable to CNT adsorption, the position and alignment of assembled CNTs can be con-
trolled to a greater extent. Of course, this would act to drive deposited CNT density even
lower; in order to address this issue, a method is needed to drive CNT deposition on the
surface without interfering with placement or alignment. One possibility may be some sort
of enhanced active templating approach much like the masking techniques described in this
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chapter, combined with the application of some sort of external influence to drive CNT de-
position, such as electric field or improved evaporative deposition. Finally, perhaps the very
nature of the elements to be assembled can be altered. One of the difficulties in achieving
well-aligned CNT deposition is CNT flexibility. If the precursor SWNT material can some-
how be processed so that it is more structurally restricted, deposition and alignment would
be a lot simpler, comparable to handling pencils rather than cooked spaghetti. An example
of structural restriction is to coat individual CNTs with a relatively inflexible material, such
as a metal, in effect changing them into something similar to nanowires. This need not be
restricted to individual SWNTs; if the same process was applied to bundles of CNTs, then
the result would be packaged, discrete elements that would be larger and more easily han-
dled. With these particular processes, adequate dispersion in a solution would become more
difficult, because the conformational freedom of the encapsulated CNTs would decrease dra-
matically. However, this could be somewhat ameliorated by chemical functionalization of the
encapsulating material, which could be tailored depending on application. Of course, this
would entail additional processing steps, increasing the complexity of the overall procedure.
Nevertheless, it seems evident that a rational scheme for directed assembly and alignment
of dense CNT structures will require significantly more work before becoming practical.

Chapter 4
CNT Film Resistors: Fabrication and
Characterization
4.1 Introduction
Carbon nanotubes have superlative electronic and thermal conduction properties that make
them ideal candidates for electronic interconnect applications. However, because carbon
nanotubes are discrete, fabricating practical CNT interconnect structures will be significantly
different from the processes currently used to construct metal interconnects. According to
the International Technology Roadmap for Semiconductors (ITRS), potential CNT-based
interconnects would ideally consist of densely-packed and well-aligned bundles of single-
walled or multi-walled carbon nanotubes [15]. In the previous chapter, methods for the post-
growth assembly and alignment of CNTs were examined, and one of the primary conclusions
reached was that in current assembly techniques, the positioning accuracy and degree of
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alignment are inversely related to the deposition density. Put another way, well-assembled
CNTs tend to be very sparse, whereas dense networks of CNTs tend to be poorly positioned
and aligned. Therefore, the goal of forming complex and hierarchical interconnect structures
from the directed assembly of well-packed and aligned CNT structures seems very unlikely, at
least in the short term. Since CNT structures for interconnect applications will most likely
be composed of dense assemblages of CNTs, and given the inverse relationship between
placement and alignment accuracy and deposition density in CNT assembly processes, it is
useful to consider the potential of assembled CNT structures fabricated with less emphasis on
placement and alignment and more emphasis on density. In this chapter, possible fabrication
techniques and measurement results for a resistor structure based on dense, randomly-aligned
CNT film are presented.
4.2 Background
CNT films can be synthesized from CNT/solvent dispersions in a variety of ways, from sim-
ple solvent evaporation to filter-based techniques. Typically, films formed from CNT/solvent
dispersions consist of entangled networks of CNTs with random orientations. This is obvi-
ously a far cry from the dense bundles of highly-oriented CNTs that would be ideal for
interconnect applications, but CNT films, with densities significantly higher than can be
achieved by self-assembly, provide a useful platform for the development of processing tech-
nologies. While it is true that CNTs in these films are essentially randomly oriented, the
issue of CNT positioning can be achieved to a certain extent simply by standard lithographic
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and etch or liftoff processes, similar to how films of other materials such as metal or oxide
can be patterned.
One factor to consider in films of randomly-oriented CNTs are contact resistances. Car-
bon nanotubes have excellent electronic and thermal conduction, but issues of contact re-
sistance and contact quality between individual CNTs as well as between CNTs and other
materials need to be considered for electronic applications. Once again, because of the
discrete nature of CNTs, most electronic applications will require some sort of CNT inter-
face. Even in the most optimistic possible scenario, where an integrated circuit is entirely
composed of CNTs, some sort of CNT/material interface will still be required at the pack-
age level. For the more probable situation of partial deployment of CNT interconnects at
some particular equivalent metal level, CNT-metal contacts will be necessary to interface the
CNT structures with the other metal or device layers. Within a particular interconnect level,
CNT-to-CNT contacts will probably be required in order to negotiate junctions and corners.
CNT-CNT interfaces can either be direct or indirect. A direct interface between two CNTs
will either consist of direct physical contact between the CNTs or the formation of some
kind of physical junction between them. Some work has been done on CNT-CNT junction
formation by welding with high currents or focused ion beams, but the resulting junctions
tend to be very defective and the fabrication processes can be very slow, especially in the
case of ion beams. Indirect CNT-CNT interfaces rely on some other mediating material,
and essentially consist of two back-to-back CNT-material contacts. Since metal is the most
widely used material for CNT interfaces in electronic applications today, it is likely that the
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mediating material in indirect CNT junctions will be metal.
For the ideal case of bundles of well-aligned CNTs, all of the same length, because inter-
tube transport within each bundle is not particularly important, CNT-CNT junctions will
only be relevant at the bundle ends, in order to interface between multiple bundles. CNT
structures formed by assembly, however, will probably not be composed of individual CNTs
with terminals that align perfectly, even if they are all the same length. As the degree of
alignment of the CNT terminals decreases, the number of CNT-CNT junctions that will
need to be formed to assure conductivity through all CNTs increases. If the CNT length
distribution begins to vary, then even more junctions will be required. Since CNT-CNT
junctions will probably be indirect junctions mediated by metal contacts, an increase in
the number of junctions required means a corresponding increase in the number of metal
contacts that need to be fabricated and the complexity of the lithography needed to do so.
Finally, if the assembly process is essentially random, as it is today, then there is no way to
predict where the metal contact pads will need to be fabricated, making lithography even
more difficult.
A simple solution to this problem is to simply form a metal contact over the entire
interconnect structure, to form a type of metal-CNT composite structure. In this fashion,
each CNT will be contacted to every adjacent CNT via the overlying metal layer, and no
further lithography steps will be necessary. Furthermore, the same masks can be used for
both CNT film lithography and metal lithography, further reducing cost.
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4.3 CNT composites
There has been a significant amount work done on the applications of CNT-based compos-
ites. Obviously, because CNT material has electronic, thermal, and mechanical properties
that far outstrip those of materials currently in use, pure CNT material would provide the
most significant performance increases in engineering applications. However, because of the
discrete and fiberlike nature of CNTs, fabricating a bulk CNT material that retains the
properties of the individual nanotubes is rather difficult. Therefore, a lot of work has been
done to investigate composites containing CNTs in a matrix of some other material. CNT
composites can offer some of the desired properties of CNTs while remaining relatively easy
to fabricate and manipulate.
4.3.1 CNT composites with polymer matrices
Most of the current CNT composite work has been done with various polymers and epoxies
as the matrix material, yielding materials with dramatic improvements in properties such as
tensile and compressive strength and stiffness at relatively low CNT loading percentages [4].
Significant increases in electrical and thermal conductivities in both conducting and insulat-
ing polymers are observed at even lower CNT loadings (-0.5 - 3%), due to the formation of
percolating networks by large aspect-ratio CNTs [4].
For bulk applications, polymer-CNT composites are generally fabricated by melt-mixing,
in which CNT material is added to a polymer melt, mixed to ensure even dispersion, then
formed by extrusion or molding. Polymer-CNT composites are also made via solution-based
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Figure 4-1: SEM image of 1% wt SWNT-epoxy composite [59J. This image was taken
without permission from the referenced work.
94
techniques, which provide better dispersion because of the lower viscosities of the liquid pre-
cursors. These solution-based composites are generally in the form of films, cast by solvent
evaporation or spin-coating, which would be compatible with standard semiconductor pro-
cessing techniques. CNT-polymer composites, with their increased thermal conductivities,
could assist heat removal from integrated circuits if used as interlayer dielectrics. However,
the concomitant increase in the electrical conductivity of the composite could affect its di-
electric properties adversely. Chemical functionalization of CNTs could provide a solution,
by reducing CNT electrical conductivity while retaining thermal conductivity. Finally, CNT-
polymer composite films could be used to generate complex surface CNT structures, first
by lithographically removing undesired CNT-polymer areas, then dissolving the remaining
polymer phase of the composite while retaining the CNT phase on the surface.
4.3.2 CNT composites with metal matrices
There has been significantly less work done on metal-CNT composites. Kuzumaki et al [60]
first fabricated a CNT-reinforced aluminum composite by hot-pressing and hot-extrusion in
1998, followed with a CNT-titanium composite in 2000 [61]. In 1999, Xu et al found that
MWNT-Al material fabricated by hand-grinding and hot-pressing resulted in significant
increases in material resistivity, which they attributed to CNT aggregation at grain bound-
aries [62]. In 2004, Carreno-Morelli et al fabricated CNT-magnesium composites with metal-
coated CNTs to improve bonding strength [63]. Chen et al demonstrated cobalt and nickel
plating onto MWNTs via electroless deposition in 2000 [64], and several groups attached
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and formed gold or platinum nanoparticles on CNTs via a variety of methods, including
protein attachment [65], spontaneous reduction [661, and electrostatics [67] [68]. Hjortstam
et al [69] modeled the behavior of a theoretical ultra-low-resistivity copper-CNT composite
in 2004, and Ferrer-Anglada et al fabricated a copper-CNT composite by electrodeposition
of Cu onto a CNT electrode, finding the composite resistivity and coefficient of thermal ex-
pansion unchanged from that of pure copper, possibly due to inhomogeneous copper crystal
distribution [70]. Arai et al created a nickel-MWNT composite by electrodeposition from a
solution of nickel with dispersed MWNTs [71].
Figure 4-2: SEM images of nickel-MWNT composites formed by electrodeposition [71].
These images were taken without permission from the referenced work.
Unfortunately, most of the bulk metal-CNT composite fabrication methods are not suit-
96
able for CMOS applications, which generally rely on direct growth or vapor deposition, with
the possible exception of electrodeposition. Another potential method for CMOS-compatible
metal-CNT composite fabrication is a layered deposition approach, resulting in a type of
metal-CNT sandwich structure. In this case, metal deposition steps would be alternated
with solution-based CNT deposition. The dispersion of CNTs would by necessity be hetero-
geneous in a vertical direction, but could be minimized by decreasing the individual metal
layer thickness and increasing the number of total layers.
4.4 Pd/CNT structures fabricated via CNT assembly
Initial metal-CNT hybrid films were fabricated by depositing surfactant-stabilized CNTs onto
metal films functionalized with a polar monolayer to improve adhesion. Subsequently, other
layers of metal were deposited on top (Fig. 4-3). Control metal structures were fabricated
with an equivalent layer of surfactant (sodium dodecylsulfate, SDS) in between metal layers
to more closely match the metal-CNT structures.
Sheet resistance measurements of the resulting Pd-CNT-Pd stacks indicate that they
have lower conductivities relative to the Pd-SDS-Pd control stacks (Figure 4-9). This may
be because of the granular condensation of metal on deposited CNTs visible in Figure 4-5,
which may result in a rougher metal film and corresponding increase in resistance.
In order to more closely investigate the metal-CNT morphology, metal-CNT hybrid re-
sistors were fabricated (Fig. 4-7(a)). Optical lithography was used to define resistor patterns














Figure 4-3: Fabrication procedure for initial metal-CNT hybrid films. In step 1, films of
Pd and Cr (for adhesion) are deposited on silicon oxide. Following deposition, a monolayer
of mercaptopropionic acid (MPA) is grown on the Pd surface (step 2). In step 3, CNT
deposition from a solvent dispersion occurs, and further layers of metal are deposited in step
4.
50 nm Pd thickness
4P-k




Figure 4-4: Sheet resistance measurements of Pd-SWNT-Pd and Pd-SDS-Pd control stacks
with different total Pd film thicknesses. Metal control samples show lower resistance than


























(a) after CNT deposition (b) after top metal deposition (c) after second top metal deposi-
tion
Figure 4-5: AFM images of Pd-CNT stacks
grown on the exposed regions via vapor-phase deposition. Following monolayer growth, CNT
deposition was accomplished by immersion into CNT-chloroform dispersions overnight. Pal-
ladium was then deposited via electron beam evaporation, and liftoff was done to define the
resistor structures (Fig. 4-6). Due to the low resistances expected, electronic measurement
of the fabricated resistor structures was done with a four-point Kelvin method to minimize
error, with two probes acting as current source and drain and the other two probes measuring
voltage (Fig. 4-7(b)).
From the images in Figure 4-8, it is obvious that the CNT dispersal at this size scale is
very poor. Nevertheless, there is a definite trend in measured conductivities (Figure 4-9),
with the P0304 samples having the worst conductivity, followed by the DCC samples and
the control samples. Since it is very unlikely that any of the resistor structures actually
contain percolating CNT paths, the conductivity differences are probably due to the quality















Figure 4-6: Fabrication process for immersion-cast CNT resistors. After initial photolithog-
raphy (step 1) and a very brief oxygen plasma clean, silane monolayers are grown via vapor
deposition (step 2). In steps 3 and 4, CNT deposition via immersion casting is followed by




(a) Optical image of fabricated resistor (b) 4-point Kelvin measurement method for
low-resistance structures










(a) CNT/Pd resistor line
Figure 4-8: AFM images of assembled CNT/Pd
distribution of deposited CNTs.
(b) CNT/Pd resistor contact pad













Figure 4-9: Resistance measurements of Pd-CNT structures. Different colors represent dif-
ferent resistor widths. Solid points are measurements of the control structures, and hollow
points represent metal-CNT structures. As in the film case (Fig. 4-9), Pd control samples






It became clear that in order to fully investigate the potential of metal-CNT structures,
denser CNT films would have to be used.
4.5 CNT film fabrication via evaporative dropcasting
Assembly-based techniques for CNTs generally produce sparse distributions of CNTs on sur-
faces. They can allow some CNT positioning and alignment control, and may prove useful
for the fabrication of arrays of CNT-based devices, where the relative sparseness of deposited
CNTs is necessary to provide separation between individual CNT devices, thus minimizing
interference. For applications such as global or semiglobal interconnects, though, the CNT
assembly techniques discussed may not be the best solution, due to the same distribution
issue. As mentioned earlier, CNT-based interconnects show performance gains over conven-
tional metal-based interconnects for a) small pitches or b) relatively large numbers of CNTs.
Since CNT-based interconnects are probably more suitable for larger and longer interconnect
structures, due to the inherent contact resistances associated with CNT interfaces with other
materials, CNT interconnects capable of providing comparable or superior performance than
equivalently-sized metal interconnects will have to be composed of densely-packed arrays of
CNTs. Currently, these structures are not achievable with assembly-based techniques. The
favorable interactions between CNT and solvent in a good CNT dispersion and the resulting
reversibility of CNT deposition, while aiding positioning and alignment, is a drawback when
dense networks of CNTs are desired, because CNTs would rather be solvated than deposited
on the surface. Tailoring surface properties may help, but in order to improve deposited
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density, some amount of deposition control must be sacrificed.
That being said, there are methods for externally influencing CNT deposition and align-
ment. One of the most widely used techniques is electrophoresis, which uses electric fields
(DC or AC) to guide the deposition of CNTs on a surface [72]. Electrophoresis can allow
the deposition of relatively dense networks of CNTs in specific locations between electrodes.
However, the size of these networks is determined by the electrode spacing and the applied
field, which depends on the solvent used in the CNT dispersion. Since the density of de-
posited CNTs typically is related inversely to the applied field, larger (or longer) networks
cannot achieve the same density as shorter networks. In addition, electrophoresis is a self-
limited process; once a conducting path of CNTs has been deposited between the electrodes,
the applied field drops significantly, and CNT deposition slows dramatically. While this may
be a useful method to fabricate devices consisting of single CNTs, building dense networks
with electrophoresis is more difficult.
4.6 CNT film fabrication
The simplest method for the deposition of relatively thick films of CNTs on a surface is
by dropcasting and subsequent evaporation. Since the concentration of the CNT dispersion
used is controllable, a specific quantity of CNTs can be easily deposited upon a surface.
If film uniformity is required, however, standard evaporative techniques leave something to
be desired. For most CNT dispersions, a sample dropcast on a given surface will leave a
concentration deposit of CNTs near the middle of the drop once evaporation is complete. The
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distribution of the deposit can be modified by changing the surface energy of the substrate
(making it more hydrophobic or hydrophilic), but deposition will in general be very uneven.
In order to address this issue, the evaporative dropcasting process can be modified further.
By saturating the ambient atmosphere with solvent vapor, the solvent evaporation rate can
be slowed significantly. Also, using a saturated atmosphere means that the interface between
the substrate and the atmosphere will be more similar to the interface between the substrate
and the solvent drop. Thus, solvent evaporation will be more uniform across the entire
surface, as opposed to evaporation into an unsaturated atmosphere, where the surface-vapor
interface is significantly different than the surface-liquid interface. In addition, if deposited
CNTs have any tendency to self-organize, then the slower evaporation rate will improve the
chances of self-organization.
A solid aluminum platform served as the base of a simple closed-atmosphere system.
Wells were cut into the aluminum, and were filled with the appropriate solvent. The substrate
under deposition was suspended above a well via a glass slide, and the well and sample
were covered with an inverted Petri dish. Depending on the solvent used, evaporation took
between 12 and 36 hours.
Figure 4-10 shows the results of saturated-atmosphere evaporative dropcasting of un-
modified SP0300 SWNTs dispersed in dichlorobenzene. About 20 PL of 0.1 mg / 1 mL
SWNT dispersion was used, resulting in a total deposited SWNT mass of about 2 pg. It is
difficult to quantitatively judge the deposited SWNT film in terms of nanotubes per area,
both because of the difficulty of distinguishing individual SWNTs in an entangled mass and
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Figure 4-10: AFM images of unmodified SWNTs (SP0300)/DCB films formed by evaporative
dropcasting
because the SWNTs are not deposited in a monolayer. However, it is evident that a fairly
dense film has been deposited upon the surface, with not much oxide surface visible.
Figure 4-11 shows the deposition of nitro-modified SWNTs (sample tw2-91) from dimethyl-
formamide. While there are SWNTs present, the density is less than the SP0300 sample
because a more dilute SWNT solution was used. In direct comparison to Figure 4-10, the
lower deposited CNT density in this case means that the oxide surface is clearly visible in
the rightmost image. Again, it is difficult to quantitatively judge the number of deposited
SWNTs due to imaging and resolution constraints.
To gauge the adhesion strength of CNT films deposited via dropcasting, samples were
sonicated after CNT deposition. Figure 4-12 shows images of the SP0300 sample after
high-powered sonication in dichlorobenzene for 5m. While SWNTs are still present, the
density has decreased significantly, exposing more of the surface beneath. Likewise, the
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Figure 4-11: AFM images of nitro-SWNTs (tw2-91)/DMF films formed by evaporative drop-
casting
Figure 4-12: AFM images of unmodified SWNTs (SP0300)/DCB films after 5m sonication
in DCB. Note the decreased density after sonication versus the original sample (Fig. ??).
107
nitro-modified SWNT sample also displays a significant drop in surface CNT density after
sonication (Figure 4-13).
Figure 4-13: AFM images of nitro-SWNTs (tw2-91)/DMF films after 5m sonication in DMF.
4.7 Resistor structure fabrication for saturated-atmosphere
evaporative dropcast CNT films
Once the saturated-atmosphere evaporative dropcasting technique had been proven suitable
for the deposition of dense CNT films, metal and oxide resistor structures were fabricated
on deposited films. Fabrication processes are described in more detail in Appendix A.
The substrate modification process used for the fabrication of immersion-cast resistor
structures proved to be rather problematic. Specifically, because vapor silanization occurs
after photolithography, the photoresist that was present during the silanization process be-
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came significantly more difficult to remove during liftoff, possibly due to increased binding
to the substrate. To alleviate this, the process order was reversed, with photolithography
occurring after the vapor silanization.
Due to the necessity of fabricating oxide resistor structures with metal contact pads, a
two-part process was adopted for both metal-SWNT and oxide-SWNT structures to maintain
consistency (Fig. 4-14, Fig. 4-15). Briefly, after CNT film deposition, optical lithography was
used to define one part of the desired structure (contact pads or resistor lines). Following
deposition and liftoff, a second lithography process defined the second part of the structure,
with subsequent deposition and liftoff. For metal-CNT resistors, the resistor line structure
(30 nm thick Pd) was fabricated first, whereas for oxide-CNT resistors, the contact pads
(100nm thick Pd for both metal and oxide resistors) were deposited first. Initially, both
types of resistors were to be fabricated with contact pads first, to keep fabrication processes
between the two types as similar as possible and to maximize pad-SWNT contact in the
oxide-SWNT resistor case. However, this proved to be an issue with the metal-SWNT resistor
samples, because the thinner metal lines subsequently deposited on the thicker contact pads
experienced disconnections at the pad/line edge resulting in loss of conductivity. Therefore, it
was necessary to deposit the metal resistor lines first, followed by contact pad deposition. The
deposited metal contact pads were intentionally made thicker than the metal resistor lines to
minimize discontinuities at the pad/line interface. For the oxide-SWNT case, conductivity
through the oxide line is not necessary, so oxide structures could be fabricated after metal
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Figure 4-14: Fabrication process for 2-step Pd resistors. In step 1 and 2, an APTES mono-
layer is grown on cleaned silicon oxide, followed by dropcast CNT deposition. In steps 3,
4, and 5, the Pd resistor lines are defined and deposited via electron beam evaporation. In
steps 6, 7, and 8, the Pd contact pads are defined and deposited, also via electron beam
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Figure 4-15: Fabrication process for 2-step oxide resistors. In step 1 and 2, an APTES
monolayer is grown on cleaned silicon oxide, followed by dropcast CNT deposition. In steps
3, 4, and 5, the metal contact pads are defined and deposited via electron beam evaporation.
In steps 6, 7, and 8, the oxide resistor lines are defined and deposited, also via electron beam







After preliminary measurements, the samples were annealed under argon at 500'C for
some time, then measured again. Finally, the samples were subject to oxygen plasma etching
to remove the regions of the SWNT films not masked by the fabricated metal or oxide struc-
tures. The lithographically-defined structures used for saturated-atmosphere evaporative
dropcasting were different from the structures used in the immersion-casting experiments;
specifically, resistor lengths were decreased to 100[m or less, so that fully percolative net-
works between contact pads were more likely to exist.
4.7.1 Results
The following samples were results from the initial process development. They were not
suitable for electronic measurement, but were used to evaluate the CNT/metal film structure.
(a) CNTs under Pd (b) Pd structure edge (c) exposed CNTs on oxide
Figure 4-16: AFM images of SP0300/DCB filmcast with 15m of sonication before plasma
ashing. Note the presence of CNTs both under the deposited Pd and on the exposed surface.
The sample in Figures 4-16 and 4-17 was built on a SP0300/DCB film, sonicated for 15m
in DCB before lithography and metal deposition. Figure 4-16 shows the sample after metal
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(a) CNTs under Pd (b) Pd structure edge (c) exposed CNTs on oxide
Figure 4-17: AFM images of SP0300/DCB filmcast with 15m of sonication after 60m plasma
ashing. The CNTs on exposed regions have been etched away, whereas the CNTs under the
Pd film still remain.
liftoff but before oxygen plasma etching. Note that CNTs are present both under the metal
film and exposed on the surface. Figure 4-17 shows the sample after oxygen plasma ashing
for 60m. The leftmost image (Fig. 4-17(a)) shows the CNT film masked by the deposited
metal film after ashing, which looks much the same as it did before the etch process (Fig. 4-
16(a)). The effects of the oxygen plasma is more evident at the metal line edge (Fig. 4-17(b))
and the Si surface (Fig. 4-17(c)), where the exposed CNTs have been significantly etched
away.
Figures 4-18 and 4-19 show an SP0300/DCB sample that was not sonicated before
lithography and metal deposition. The CNT film in this sample is noticeably thicker than
the previous sample. After oxygen plasma ashing, the exposed CNT film is still present,
although significantly thinner, with patchy holes visible. This is probably due to the thicker
initial film. To achieve better etching results, as well as to reduce plasma etching time, the
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(c) exposed CNTs on oxide
Figure 4-18: AFM images of SP0300/DCB filmcast without sonication before plasma ashing.
(a) CNTs under Pd (b) Pd structure edge (c) exposed CNTs on oxide
4-19: AFM images of SP0300/DCB filmcast without sonication after 60m plasma





(a) CNTs under Pd (b) Pd structure edge
ashing process was replaced with oxygen plasma reactive ion etching (RIE), providing more
anisotropic and faster etching of organic material.
After some refining of the fabrication process, including the aforementioned adoption
of reactive ion etching, measurable CNT resistor structures were fabricated and measured
(Figure 4-20).
(a) Optical image of resistors (b) Resistance measurement setup
Figure 4-20: Optical image of fabricated Pd/CNT resistors 4-20(a) and a diagram showing
how measured resistance values are determined 4-20(b)
Figures 4-21 and 4-22 show the percentage difference in measured resistance from evap-
orative dropcast SP0331 (Fig. 4-21) and TSCNT (Fig. 4-22) SWNTs compared to control
Pd resistors fabricated at the same time as a function of resistor length. All sample sets
were measured after initial fabrication, with SWNT film intact; after annealing processes;
and after reactive ion etching. Note that annealing for 5m at 500'C under argon decreases
Pd-CNT resistance dramatically compared to the control Pd resistors. From Fig. 4-22, it ap-






















0 20 40 60 80 100
Resistor length (pm)
(a) 5 pm wide resistors
0 20 40 60 80
Resistor length (pm)
(b) 10 pm wide resistors
Figure 4-21: Percentage difference in resistance between SP620 Pd-CNT resistors and
simultaneously-fabricated control Pd resistors versus resistor length. Blue represents data
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Figure 4-22: Percentage difference in resistance between Eli622 Pd-CNT resistors and
simultaneously-fabricated control Pd resistors versus resistor length. Blue represents data
taken after initial fabrication, magenta is data after annealing for 5m, dark green is data


























I I I I
-;JJ70
rnn, I .............. -..... ............
1
improvement. In all samples, the post-anneal Pd-CNT samples show significantly lower resis-
tance than the Pd-control samples. However, the comparison at this point is not truly valid,
because the exposed CNT film has not been etched away yet. After reactive ion etching,
the relative resistance improvement shown by the Pd-CNT samples drops significantly. 5
pm-wide Pd-CNT resistors still show lower resistance than the control samples (Fig 4-21(a),
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Figure 4-23: Percentage difference in resistance between SP813 and Eli813 Pd-CNT resistors
and simultaneously-fabricated control Pd resistors versus resistor length after all processing.
Figures 4-23 and 4-24 show post-etching data from four additional samples fabricated
from evaporative dropcast SP0331 and TSCNT SWNTs. In these samples, Pd-CNT resis-
tances were consistently higher than control Pd resistances.
To try to understand why some Pd-CNT samples show resistance improvements over
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(a) SP815 (b) EIi815
Figure 4-24: Percentage difference in resistance between SP815 and Eli815 Pd-CNT resistors
and simultaneously-fabricated control Pd resistors versus resistor length after all processing.
gauge the resistance of the underlying CNT film after reactive ion etching.
Figure 4-25 shows resistance measurements of three sets of SWNT-oxide resistor struc-
tures before RIE, with the deposited SWNT films still intact. The relative uniformity of the
SWNT films can be determined by examining the distribution of measured values. The three
films shown, all deposited by evaporative dropcasting of the same amount of CNTs, vary
significantly from each other, with fairly broad distribution of measured values, implying
uneven CNT surface distribution.
Figure 4-26 shows resistance measurements of the three sets of SWNT-oxide resistors
after reactive ion etching. Note that the distribution of measured resistance values has
increased dramatically, with some samples showing resistances in the gigaohm regime and
some samples remaining fairly conductive. Resistance increase after reactive ion etching
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Figure 4-26: Measured resistance of three sets of SWNT-oxide resistor structures after reac-
tive ion etching. Different colors represent different resistor widths.
regions of the SWNT films are destroyed in the process. However, the broad distribution
of final resistances indicates that good quality percolating networks of CNTs do not exist
under all the oxide-masked resistor regions, which makes it likely that the same phenomenon
is occurring for the metal-CNT resistor structures. The large resistance distribution could
be due to a number of factors. First, although reactive ion etching can be fairly anisotropic,
depending on the gas pressure and applied power, reflections from the underlying substrate
may cause significant etching of SWNTs at the edge of the masked region, resulting in
undercut. Since the amount of undercut should be relatively independent of the size of the
structure, assuming a constant CNT film height, thinner (in width) structures should display
a larger increase in conductivity versus wider structures, and this is indeed the case; note that
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the resistance (y) axis in Figure 4-26 is displayed in log format. Second, the data distribution
could be due to variations in deposited film density. Evaporative film deposition tends to
be fairly uneven, due to varying droplet sizes and concentration as evaporation occurs.
The controlled atmosphere evaporative dropcast technique used here provides significantly
better film quality and uniformity than both the immersion-casting method and standard
evaporative film deposition, but inhomogeneities can still be observed in the deposited films,
both optically and with scanning probe microscopy.
As noted earlier, because oxide-SWNT resistors require both metal and oxide structures,
fabrication of both oxide-SWNT and metal-SWNT resistors were done with two steps to
maintain consistency. However, measurements of metal-SWNT resistors fabricated with a
one-step procedure, where both the contact pads and resistors were deposited at the same
time, show decreased resistance compared to two-step metal-SWNT resistors. This could
be due to increased contact resistance at the pad/line interface due to either atmospheric
contamination or the growth of a thin barrier oxide. Unfortunately, etching or cleaning could
not; be performed between the two steps because of damage to the deposited SWNTs and
the underlying monolayer.
4.7.2 Conclusion
Even with the possibility of uneven film dispersion and plasma undercut of masked SWNTs,
some oxide-SWNT resistor samples exhibit fairly low resistances. These samples may cor-
respond to the metal-SWNT samples that show improved resistances over control metal
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structures, whereas the metal-SWNT samples with significantly higher resistances may cor-
respond to the oxide-SWNT samples that do not apparently contain percolating SWNT
networks. To further investigate this phenomenon, an alternate film deposition method
resulting in higher film uniformity is required.
4.8 CNT-based resistor structures from filtration film-
casting
Due to the apparent inhomogeneity in deposited film thickness with the saturated-atmosphere
dropcast method, an alternate process for more uniform CNT film deposition was sought.
One promising technique is CNT film formation via filtration. In chemistry, filtration onto
a membrane is typically used to recover reaction products. A filtration setup consists of
a porous filter membrane of some type, with an induced pressure diffential across it. The
solution to be filtered is added to the side with higher pressure, and solvent is drawn through
the filter. The filter is selected so that the product of interest in the solution is too large
to fit through the filter pores, and thus becomes trapped on the filter as solvent is drawn
through.
The attraction of this process for CNT film fabrication is that filtration is self-correcting
in terms of density. During the filtration process, as material accumulates in a particular
region of the filter, flow through that area will decrease, whereas flow in other areas with
less deposition will remain the same or increase. Since flow rate is directly proportional to
122
deposition rate, this acts to correct for higher (or lower) deposition densities.
Filtration methods have proven very useful for the recovery of CNT materials after chem-
ical functionalization, which will be discussed later. For these applications, a polytetrafluo-
roethylene (PTFE, Teflon) filter membrane with 0.2 um pore size is typically used. However,
if CNT films on other substrates are desired, some method to transfer the deposited film
must be used. Highly-modified SWNTs, when filtered onto PTFE in sufficient quantities,
tend to delaminate after drying, facilitating film transfer. However, smaller quantities of
CNTs adhere strongly to the PTFE surface, making film transfer via delamination impos-
sible. In addition, unmodified SWNTs form very fragile films and cannot be mechanically
delaminated and transferred without breaking up.
To address this issue, a different filter type was used. Wu and coworkers recently reported
the synthesis and transfer of CNT films by deposition on nitrocellulose filters [73]. Since
nitrocellulose is soluble in many organic solvents, CNT film release is then accomplished by
simply washing with an organic solvent such as acetone.
The procedure detailed by Wu et al used unmodified CNTs dispersed in a surfactant
solution for the filtration process, followed by rinsing with water. In order to adapt this
process for chemically-modified CNTs and to remove the rinse step, dichlorobenzene and
chloroform were used to disperse CNTs, both of which are compatible with nitrocellulose.
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4.8.1 Film transfer
Once a CNT film has been formed on the nitrocellulose filter, it must be transferred to a
suitable substrate before further processing and fabrication. Wu et al accomplished this by
wetting the filter with water, contacting it to the substrate, then baking dry with weight
applied. For smaller samples, this did not appear to be feasible, because the nitrocellulose
filter tends to curl when drying, and takes the CNT film with it. Several modifications were
made to the setup in order to address this issue with varying success; the final process relied
on using dichlorobenzene to wet the filter and the sample immediately before acetone was
added to dissolve the filter. Using an APTES-functionalized surface greatly facilitated this
effort, although transfer could be accomplished to a bare silicon oxide surface; however, the
lack of the APTES monolayer made subsequent processing slightly more difficult. More film
transfer details are available in Appendix A.
4.8.2 Structure fabrication
The fabrication process for resistance structures incorporating filtration-formed films trans-
ferred to oxide substrates was a modified version of the process described above. The
filtration-based film synthesis process allows the creation of thicker SWNT films, and us-
ing the previously-described process led to either incomplete metal liftoff or complete film
delamination in the final step. This was attributed to several possible factors. First, rel-
atively thick deposited SWNT films also tend to be rather porous. Liftoff processes rely
on a relatively large height difference between photoresist-covered regions and clear regions.
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Because these SWNT films will tend to be fairly porous, photoresist may deposit within the
film, resulting in a significantly reduced height difference between resist-covered regions and
"clear" regions. Similarly, because photoresist may soak into the SWNT film, lithographic
exposure and resist development may not succeed in fully removing resist from "clear" re-
gions, which would also contribute to lower height differences as well as poor liftoff. Second,
the photoresist used, OCG 825-20-CS, a positive resist, results in sidewall profiles that are
not; optimized for liftoff processes, which would contribute to liftoff difficulty. Finally, elec-
tron beam-deposited palladium tends to form columnar structures in the deposited metal
film, which may exacerbate the difficulties caused by lower photoresist height differences. Ul-
trasonication was used in an attempt to facilitate the liftoff procedure, but failed on thicker
SWNT film samples due to insufficient film adhesion to the APTES-modified substrate.
In order to address these issues, the fabrication procedure was modified slightly. First,
RF sputtering was used to deposit the metal layer, because sputtering tends to result in
more conformal metal films. At the same time, the positive photoresist used was replaced
with NR-7-3000P, a negative resist that provides a larger height difference and is also able
to withstand the higher temperatures of sputter metal deposition. Finally, metal-SWNT
structures were fabricated with a one-step process instead of a two-step process, because of
the concerns mentioned previously. Oxide-SWNT resistor fabrication remained the same,
with the exception of the use of NR-7-3000P instead of OCG-825-20-CS. With these changes,
metal and oxide structures were successfully fabricated on deposited SWNT films of different
thicknesses. Metal film thicknesses were about 30 nm, whereas oxide films were significantly
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thicker, about 200 nm.
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Figure 4-27: Measured resistance of SP0331-SWNT films versus contact pad separation
(resistor length) after metal/oxide deposition but before RIE.
Figure 4-27 shows measured resistance values of a series of SWNT films with different
areal densities plotted on a log scale in the y-direction. These measurements were done after
structure fabrication but before reactive ion etching, so the values correspond to conduction
through the entire deposited SWNT film. As expected, measured resistances decrease as the
SWNT film areal density increases. In addition, resistances vary more or less linearly with
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contact pad spacing, denoted as resistor length; this is evident on the log plot as a slight
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Figure 4-28: Measured resistance of SP0331-SWNT films versus 1/(film
(m2/mg) after metal/oxide deposition but before RIE.
areal density)
Figure 4-28 plots the same values shown in Fig. 4-27 versus the inverse of SWNT film
areal density (in units of m2/mg), also on a log y-axis. Curve-fitting of the data reveals that
the measured resistance varies according to the second power of the inverse areal density,
corresponding to an inverse-square relationship to the areal density.
Figure 4-29 shows resistance measurements versus resistor length and width after oxygen
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Figure 4-29: Measured resistance of SP0331-SWNT films versus contact pad separa-
tion/resistor length after reactive ion etching. Solid lines represent 5ttm-wide resistors and
dotted lines represent 10m-wide resistors. Measured resistances after etching are under-
standably much higher than resistances before etching 4-27, but still generally retain the
general trend of increasing resistance with increasing length or areal density. Note the high-
resistance anomalies at low resistor lengths; this is probably due to fabrication issues with
smaller features.
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data (Fig. 4-27), increases about two orders of magnitude, which can be easily attributed to
the loss of exposed SWNT film area. Beside the resistance increase, the general behavior of
the post-RIE oxide-SWNT structures mirrors that of the pre-RIE sample (Fig. 4-27), with
the exception of some of the resistors built with less-dense SWNT films. This indicates that
the transferred filter-cast SWNT films has better uniformity than the controlled-atmosphere
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Figure 4-30: Measured resistance of oxide-SP0331-SWNT structures versus 1/(film areal
density) (m2/mg) after reactive ion etching.
The same after-RIE data plotted versus inverse areal density (Fig. 4-30), with the excep-
tion of some structures, also point to the preservation of most of the oxide-masked SWNTs.
In particular, the inverse relationship between film areal density and resistance is also main-
tained.
Figure 4-31 shows measured resistances versus resistor length for several palladium-
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Figure 4-31: Measured resistances of selected sets of Pd-SWNT structures versus resistor
length after reactive ion etching and subsequent annealing. Black dotted lines are the two
control samples associated with each set.
SWNT samples fabricated from filter-transferred SWNT films. While the resistance increases
with resistor length, as expected, the effect of SWNT film thickness is not as clear, and can
vary quite significantly. Note that in the plots in Figure 4-31, dotted black lines represent
the resistance of control palladium resistors with no underlying SWNT film.
Plots of measured resistances versus inverse SWNT film areal density for selected sample
sets are shown in Figure 4-32. From these plots, it is clear that the resistances of Pd-SWNT
structures after RIE do not necessarily correspond to the deposited SWNT film density.
The relative low resistance values observed here, as compared to the post-RIE oxide-CNT
resistors (Fig. 4-30), indicates that most conduction occurs through the metal component
instead of any remaining SWNT film component. Therefore, it is safe to assume that any
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Figure 4-32: Measured resistances of selected sets of Pd-SWNT structures versus 1/(film
areal density) (m2/mg) after reactive ion etching and subsequent annealing.
small. The anomalous peak at -0.13 m2/mg in these sets can be traced to a single filter-
cast film, and is likely due to some abnormality on the film itself. A significant number of
anomalously high resistances occur for structures with higher SWNT areal density (toward
the left of each plot).
Figure 4-33 shows the measured resistances for the samples used as controls. For each
set, two different control samples were processed at the same time, and these samples are
shown with the same color. Note that even when both control samples were processed
at the same time, there is significant variation in measured resistances. Therefore, the
measured resistance of each Pd-SWNT sample in a particular set was compared to the
averaged resistances of the control samples associated with that set.
The differences in measured resistances between the various Pd-SWNT resistors and con-
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Figure 4-33: Measured resistances of control samples for two filter-film sets. There are two
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Figure 4-34: Percent resistance difference between Pd-SWNT resistors and control Pd re-
sistors after reactive ion etching and subsequent annealing. The thick black lines represent
the error bounds for the control samples, which are relevant because these percentages are
calculated with respect to the control samples.
Since there were multiple control samples for each set, the error associated with the controls
affect the calculated percentages. These error bounds are shown in Figure 4-34 as black
dotted lines outlining the error bound. Some samples show resistance reductions compared
to the control samples ranging from single-digit percents up to nearly 50%. However, other
samples show very significant resistance increases, up to more than an order of magnitude.
Figure 4-35 shows the change in measured resistance for metal-SWNT and oxide-SWNT
samples due to reactive ion etching. From the oxide data (Fig. 4-35(a)), it is evident that
RIE reduces conductivity in oxide-SWNT resistors dramatically. This is to be expected,
because RIE destroys exposed SWNT film and therefore removes potential conduction path-
ways. Note that the ratio fluctuates significantly across different samples, implying that
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Figure 4-35: Ratio of measured resistances before and after reactive ion etching ((Rfinal -
Rinitial)/Rinitial) for Pd/SWNT-film and oxide/SWNT-film samples.
able. For Pd-SWNT resistors, samples with thicker deposited SWNT films experience the
largest change after RIE, while the samples with thinner SWNT films show much smaller
resistance increases. This can be explained by the relative contribution of the SWNT film
to overall conductivity; the thicker films contributed more conduction pathways before RIE
than the thinner films, so after removal of exposed SWNTs, the increase in resistance ratio
is much higher for the thicker films than the thinner films.
Although filtration-casting of SWNTs provides films with better uniformity than controlled-
atmosphere evaporative casting, it is clear that the final, etched Pd-SWNT resistor structures
exhibit very large variations in behavior. This is probably due to a combination of factors.
First, because of the discrete nature of SWNTs, SWNT films tend to have very rough
surfaces, which can cause breaks and discontinuities in the deposited metal film. Second,
the RIE process may significantly undercut the SWNT/metal structure as well as damage
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incompletely-masked SWNT film regions. In particular, the surface roughness imparted to
the deposited metal or oxide film may result in breaks in the masking film, allowing RIE
to damage the underlying CNT film. Oxide films deposited via electron beam also tend to
have pinholes; in an effort to alleviate this, a relatively thick film of oxide was deposited
(200 nm), but this may not have proved sufficient, especially when combined with the high
surface roughness of the SWNT film.
4.8.4 Pd-SWNT resistor behavior
Under certain circumstances, it seems that Pd-SWNT structures can provide lower resis-
tance than the equivalent Pd structure. The inclusion of the SWNT film in the Pd-SWNT
structures results in a different morphology than the control Pd structures, but it may be
useful to consider the effect of SWNT inclusion by assuming that the metal component in
both cases behaves the same way. By treating the Pd-SWNT structures as a parallel com-
bination of two resistors, one for the SWNT component and one for the Pd component,
an equivalent SWNT resistance can be derived. For this procedure, the Pd component is
assumed to have resistance similar to the measured control samples. This analysis is only
performed on sample sets where the Pd-SWNT structures show lower resistance than the
equivalent control metal structure, otherwise the analogy fails.
Figure 4-36 shows resistance values for SWNT film resistors calculated from Pd-SWNT
resistor data as mentioned above, plotted with actual resistance values from oxide-SWNT
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Figure 4-36: Calculated SWNT film resistances from Pd-SWNT resistors,
SWNT film resistances from etched oxide sample. Dark blue is data from the





values, and also do not have the same shape as the oxide-SWNT data. This seems to indicate
that the treatment of Pd-SWNT resistor structures as a lumped-parameter system with two
parallel resistors is invalid.
Given that the behavior of Pd-SWNT resistor structures is rather difficult to determine
presently, an alternative question becomes: at what point do SWNT film resistors fabricated
via filter-casting become competitive with Pd resistors?
S3.7 mgmA2
--- 7.8 2




-- -497.4 - m^2
_ - -
•'" --.N --- ....
-- -
- -
Black lines are control resirs
20 40 60 0 10














- -- - 62.2 rngmrnA2
- - - 248.7 2mgA2
S- 497.4 mgmr'2
0 20 40 60 80 100
Resistor length (pm)
(b) close-up
Figure 4-37: Etched oxide-SWNT resistors compared to selected etched Pd control resistors.
Dashed colored lines represent oxide-SWNT data, and solid black lines represent Pd control
data.
Figure 4-37, and more specifically Figure 4-37(b), shows that oxide-SWNT resistors con-
sistently show much higher resistance than Pd control resistors, except for the thickest SWNT
film (497.4 mg/m 2).












terms of two metrics: structure thickness and mass. First, the performance of fabricated
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Figure 4-38: Measured resistance from fabricated control Pd resistors compared to calculated
resistance of ideal control Pd resistors, assuming same dimensions and p of 10- 7 Q_-m.
As Figure 4-38 shows, fabricated Pd resistors show resistance significantly higher than
ideal Pd resistors, calculated with the Pd bulk resistivity value of p = 10.7 w-m. Therefore,
the effective Pd resistivity value must be something different, and using the fabricated Pd
resistor data, can be easily derived as p = 1.5 x 10-6 w-m. This value, as expected, is larger
than the ideal bulk value, and is probably related to the deposited metal quality and surface
roughness of the resistor structure.
Given the measured oxide-SWNT resistance values and the p value calculated from the
fabricated Pd resistor data, the Pd thicknesses required to achieve performance similar to
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Figure 4-39: Equivalent Pd resistor thicknesses calculated from measured oxide-SWNT re-
sistances, compared to approximate measured SWNT film thickness
Furthermore, the Pd masses required to achieve that same performance can also be
calculated, assuming a density of 1.2 x 1010 mg/m3 (Figure 4-40)
Comparing the equivalent thicknesses (Fig. 4-39) and masses (Fig. 4-40) of Pd resistors
and SWNT film resistors indicates that SWNT film resistors as fabricated do not offer
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Figure 4-40: Equivalent Pd resistor masses (solid lines) calculated from Pd resistor thickness
(Fig. 4-39), compared to calculated SWNT film masses (dotted lines)
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4.8.5 Contact resistance and sheet resistance of control, oxide/SWNT,
and Pd/SWNT structures
The differences between the various sample types can be quantified further by deriving
contact and sheet resistance values from the measured data. Resistance values for a resistor
structure will typically vary linearly as a function of resistor length. The total contact
resistance for such a structure is equivalent to the resistance of a zero-length structure; in
other words, the y-intercept. The sheet resistance for this structure can be derived from the
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Figure 4-41: Calculated sheet resistances (4-41(a)) and contact resistances (4-41(b)) for five
sets of fabricated Pd control resistors. Most sets (except for set #1) contain two data points;
the averages are displayed, along with the standard deviation. Note that the calculated resis-
tance values vary quite dramatically across samples, indicating processing nonuniformities.
Calculated sheet and contact resistances for fabricated control Pd resistors are shown in
Figure 4-41. Each data points represents the average of a particular sample set, with each









and contact resistances vary quite significantly across the different sample sets. In addition,
although the two individual samples in each set were processed simultaneously, they often
display quite different resistances, as evidenced from the large standard deviations. This
indicates that there are significant processing issues involved with fabrication, even within
the same batch.
For samples containing CNT films, the effect of variations in surface preparation should
not affect the subsequent metal deposition as much, simply because the existing CNT film
acts as a buffer between the surface monolayer and the deposited metal.
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Figure 4-42: Calculated sheet resistance (4-42(a)) and contact resistance (4-42(b)) for ox-
ide/SWNT structures plotted against the log of SWNT film areal density. Fits are provided
for all sample sets. Note that both sheet and contact resistance seem to vary as the second
power of the film areal density.
Figure 4-42 shows calculated sheet and contact resistances for oxide-SWNT resistor sam-












calculated from 5pm and 10/m-wide resistor structures, then normalized by the resistor
width. Some calculated contact resistance values were negative; those are not included in
Figure 4-42(b).
Oxide/SWNT sheet resistance seems to vary with the second power of the CNT film
areal density. For a typical film with uniform volumetric density, areal density should be
directly correlated with film thickness, and sheet resistance, essentially resistivity divided
by thickness, should be linearly related to areal density. However, for these CNT films, this
is clearly not the case. The power dependence implies that either the film thickness is not
linearly related to film areal density or that the resistivity changes with areal density, or
most probably both. Note that contact resistance also seems to track the second power of
CNT film density, which means that the structure of the underlying SWNT film plays a
significant role in the metal-SWNT interface. These power law dependencies may arise from
the additional CNT-CNT contacts formed as film areal density increases, and will require
more investigation for clarification.
Figure 4-43 shows calculated sheet resistances of a series of Pd/SWNT resistor sets. Be-
sides the rather obvious outliers (evident in sets #2 and #3, probably due to film transfer),
the sheet resistances seem to increase slightly with CNT film areal density, in direct oppo-
sition to what was observed with the oxide/SWNT samples (Fig. 4-42(a)). The same trend
of resistance increase with CNT film areal density is also observed for calculated contact
resistances, shown in Figure 4-44.
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Figure 4-43: Calculated sheet resistance for five sets of Pd/SWNT structures plotted against
the log of SWNT film areal density. Aside from the outliers, note that sheet resistance seems
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Figure 4-44: Calculated contact resistance for five sets of Pd/SWNT structures plotted
against the log of SWNT film areal density. Besides the negative values, note that contact





structure, the metal film contributes the most to the overall conductivity, as evident from
the low sheet resistances of the Pd/SWNT hybrid structures compared to the oxide/SWNT
structures. Second, despite the observation in oxide/SWNT structures that CNT film areal
density and resistance are inversely related, when metal is added, the overall resistance goes
up with increasing CNT film areal density. This indicates that as the underlying SWNT
films become thicker (or increase in areal density), the overlying metal film becomes more
perturbed, leading to a decrease in overall conductance. The most probable explanation for
this phenomenon is increased surface roughness due to the SWNT film, which is propagated
up to the metal film, causing resistance increase.
4.8.6 Maximum current, thermal properties, and impedance
Given the poor resistance performance of Pd-CNT and CNT resistors compared to control
metal resistors, and the high probability of a link to poor physical structure, it is unlikely
that these CNT resistors offer improved performance for any other parameters. Nevertheless,
further current, thermal, and RF measurements were made.
Figure 4-45 shows measured maximum currents and voltages for several control, Pd-CNT,
and oxide-CNT samples. While the maximum current values for the two control samples
varied quite widely, both samples exhibited maximum currents far higher than either the
metal-CNT or the oxide-CNT structures.
CNTs are reported to have extremely high thermal conductivities, on the order of thou-
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Measurements on films of entangled CNTs show thermal conductivities much lower, on the
order of 5-40 W/m K [74]. Due to fabrication and measurement limitations, thermal con-
ductivities of Pd/CNT resistor structures could not be assessed, but preliminary thermal
measurements on CNT films before subsequent fabrication show very low thermal conduc-
tivities, on the order of single-digit W/m K.
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Figure 4-46: Resistance versus frequency for control, oxide/CNT-film, and Pd/CNT-film
samples, 100pm-long resistors. CNT-film samples do not show significant differences com-
pared to the control Pd sample, except for the thinnest oxide/CNT-film resistor, which shows
some type of capacitive behavior.
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characteristics of metal resistors materially. Note, however, that the least dense oxide-CNT
resistor is very frequency dependent, showing decreasing resistance with frequency between
100 Hz and 10 MHz as well as a phase shift of -90o with midpoint about 3 kHz, which is
indicative of some type of capacitive behavior.
4.9 Conclusion and potential future directions
The work described in this chapter shows that as a direct replacement, film resistor structures
formed of randomly-oriented SWNTs cannot compete with Pd resistor structures. Since
copper, the standard metal for integrated circuit interconnects has a bulk resistivity much
smaller than palladium (about 1.7 x 10- 8 Q-m versus 1.0 x 10- 7 Q-m), it is likely that
SWANT-film resistors will compare even less favorably with copper resistor structures.
Note, however, that this conclusion only applies to SWNT-based resistors fabricated with
randomly-oriented SWNTs. Due to the discreteness of carbon nanotubes, as well as their
large possible aspect ratios, randomly-oriented films of SWNTs will always be significantly
less dense than a metal film with equivalent mass. This is evident in Figure 4-39, where
deposited SWNT film thicknesses are orders of magnitude larger than equivalent Pd film
thicknesses.
Another target for future investigation is the interface between the deposited SWNT film
and the deposited metal film. Since the SWNT film possesses significant surface roughness,
probably larger than the nominal thickness of the deposited Pd film, it is likely that the
metal films above CNT films are discontinuous, which would certainly help account for the
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observed lower conductivity. This can be easily overcome by depositing thicker films of metal;
unfortunately, due to experimental and measurement constraints, this approach was not
pursued. In addition, such an approach would not address the real issue of CNT film surface
roughness, which will always be a significant challenge for randomly-aligned films of discrete,
high aspect-ratio nanostructures such as carbon nanotubes. In the samples examined above,
it is likely that the deposited metal has a granular structure, which has been previously
observed in Figure 4-5. This granularity is due to the inherent hydrophobicity of carbon
nanotube sidewalls, which causes the typically hydrophilic palladium metal to bead up upon
deposition. Chemical functionalization may provide a suitable method to tune nanotube
surface energies, but brings its own problems, which will be discussed later. In addition,
note that the issue of contact resistance has not been discussed much. Palladium metal,
reported [54] to form reliable ohmic contacts to SWNTs, was chosen as the resistor material
in this work specifically to minimize contact resistance issues. However, CNT processing
techniques can be quite variable, so it is possible that metal-CNT contact resistance may
also contribute significantly to the poorer performance of Pd-CNT resistor structures.
Carbon nanotubes undeniably have electronic properties that make them very well suited
for electronic applications. However, the lack of reliable, processing techniques for fabricating
well-ordered structures from discrete nanomaterials is a significant challenge that must be
overcome before the full potential of CNTs can be harnessed. In this chapter, the concept of
a hybrid metal-CNT film resistor structure which would combine the superlative properties
of carbon nanotubes with well-understood, mature metal deposition technologies was intro-
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duced. However, the discrete nature of CNTs makes it difficult to fabricate CNT structures
that can compete with metal structures on a mass or volumetric basis. Clearly, further work




Carbon nanotube carbene chemistry
5.1 Introduction
Chemistry on carbon nanotubes is a topic of much research interest, because of the unique
physical structure of carbon nanotubes as well as their potential in a variety of industrial
applications. As mentioned previously, as-produced carbon nanotube material often con-
tains impurities such as non-CNT carbon and metal catalyst particles, as well as exhibiting
significant variations in chirality, leading to a mixture of CNTs with different electronic char-
acteristics. CNT chemistry can provide methods to both disperse CNT material, making
purification and handling easier, and to enable the separation and sorting of CNTs according
to physical parameters such as chirality. In addition, the discrete nature of CNTs means
that for most practical applications, controlling the contact and interface behavior between
CNTs and their surrounding environments will be key. CNT chemistry allows for the ad-
dition of different functional groups to the nanotube surface, which provides a method by
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which these CNT-material interfaces can be controlled. The addition of different functional
groups to CNTs is also a convenient method by which CNT properties can be mediated,
such as conductivity or Fermi energy.
Carbon nanotube chemistry typically occurs by one of two mechanisms: noncovalent or
covalent. In noncovalent CNT chemistry, functionalization does not occur by direct attach-
ment of functional groups or molecules to the CNT. Instead, the functional groups coordinate
with the nanotube sidewall or endcap via van der Waals or polar interactions. The advantage
of noncovalent CNT interactions is that because no direct bonds are formed, the CNT struc-
ture is not affected, and the interactions are relatively easy to reverse. However, because
the interactions are weaker, functional group effects on the CNT are also weaker, which
may or may not be desirable. In addition, from an integration standpoint, the inclusion of
a noncovalent mediating agent may reduce the interface quality between the CNT and the
surrounding environment, which could be a disadvantage for applications requiring intimate
contact.
Covalent CNT chemistry, on the other hand, involves the direct grafting of functional
groups to the CNT surface. The advantages of this approach are that functional group
effects on the CNT are much stronger because of this direct connection, and the resulting
material does not contain a different phase of material in addition to the CNTs, making
interface quality less of an issue. However, the direct attachment of functional groups to
CNTs can also disrupt CNT physical structure and affect CNT properties adversely, leading
to degradation in performance. For example, it has been shown that covalent modification
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of CNTs via a diazonium salt-based reaction leads to dramatic decreases in electronic con-
ductivity [50]. This degradation is due to the introduction of sp3 defect centers onto the
nanotube sidewall (Figure 5-1(a)), which act as scattering centers that reduce electronic
conductivity. From an electronic standpoint, in particular from an interconnect standpoint,
this is clearly undesirable.
Recent work done by Lee et al [1] has shown that certain types of covalent CNT chemistry
may have less effect on the electronic conductivity of functionalized CNTs, while still provid-
ing the benefits of CNT functionalization. This is because this particular reaction, utilizing
what are known as carbene groups, may not attach to CNT sidewalls in an sp3 fashion as
other typical covalent reactions do. Instead, the favored addition mechanism results in two
slightly distorted sp2 bonds, as shown in Figure 5-1(b). While this does affect the CNT
structure, because the essential sp 2 character of the CNT is retained, electronic conductivity
degradation is minimized. In this work, the resistance of carbene-modified CNTs is exam-
ined and compared to CNTs modified with a sp3 center-generating reaction. In addition,
Fermi level shifting due to carbene modification is also examined.
5.2 Experimental
5.2.1 Chemistry
Carbene functionalization, shown in Figure 5-2, was performed as described by Chen and
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Figure 5-1: Nitrobenzene-induced sp3 defect
centers (5-1(b))





and a phase transfer catalyst in a highly basic solution of sodium hydroxide. Nitrobenzene-
CNT functionalization (Fig. 5-3) was performed as described by Dyke et al [76], and involves
the room-temperature reaction of a precursor diazonium salt with a dispersion of CNTs in
a surfactant solution (1% SDS/water).
C a CI ,
CNT + NaOH + CH /
tiethylbenzylammonium chloride CNTHOPH
Figure 5-2: Reaction mechanism for dichlorocarbene-SWNTs. Further details are available
in [75]
SWNT/SDS 1 F4 B' N_2  R z 0rN24 1% /Jý eC. 1 D MO
Figure 5-3: Reaction mechanism for nitrobenzene-SWNTs.
in [76]
1, R = CI
4, R = CO-CHz
5, R. NO2S. R - c=C-CeHS
Further details are available
5.2.2 Electrode fabrication
Interdigitated electrode structures were built on deposited SWNT films to measure conduc-
tivity through the SWNT film. Fabrication of interdigitated electrodes (Fig. 5-4) proceeded
along the same lines as the fabrication of metal structures discussed in previous chapters.
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Film deposition was done either via controlled-atmosphere evaporative casting or filtration-
based filmcasting and transfer. After film deposition, optical lithography was used to define
liftoff metal structures followed by Pd deposition and subsequent liftoff in acetone. Optical
and AFM images of the resulting structures are shown in Figure 5-5.
Liftoff
Step 5
Figure 5-4: Interdigitated electrode fabrication process. In steps 1 and 2, an APTES mono-
layer is grown on the oxide surface, followed by CNT deposition via either direct casting
or film transfer. In steps 3, 4, and 5, lithography is used to define the interdigitated elec-












Figure 5-5: Optical (left) and AFM (right) images of Pd interdigitated electrode structures
fabricated on CNT films.
5.3 Characterization of chemically-modified carbon nan-
otubes
In order to confirm the success of the carbene-SWNT synthesis procedure, several charac-
terization techniques were used.
5.3.1 UV-Vis spectroscopy
The UV-Vis spectra of well-dispersed unmodified SWNTs show van Hove singularities, which
are peaks in the densities-of-state. Upon covalent CNT functionalization, the van Hove
singularities shrink or disappear due to disruption of the symmetry of CNT structure caused
by functional group addition. Figure 5-6 shows the decrease in van Hove singularities caused
by carbene functionalization, which confirms that the carbene reaction directly affects CNT
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Figure 5-6: UV-Vis spectra for unmodified (black) and two carbene-SWNT samples (green
and red)
5.3.2 Raman spectroscopy
Raman spectroscopy is a very useful tool for the characterization of CNTs, and can provide
a wealth of information about the electronic structure of CNTs. For this particular inves-
tigation, the region of interest is the D- and G-bands, between 1250 cm -1 and 1750 cm-'.
The D-band, present between 1250 cm- 1 and 1450 cm - 1, is characteristic of "disorder" in
the CNT sample, whereas the G-band, between 1450 cm -1 and 1750 cm- 1, is characteris-
tic of the graphitic or "ordered" structure in the sample. The ratio of the areas beneath
the two peaks, also known as the D:G ratio, is used as a qualitative indicator of the total
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"disorder" of the sample. Covalent functionalization of SWNTs should result in an increase
in the D:G ratio, because disorder is being introduced into the sample. As Figure 5-7 and
Table 5.1 shows, this is indeed what is observed when the D:G ratios of unmodified and

























Table 5.1: Calculated D:G ratios for pristine SWNTs and two dichlorocarbene-SWNT sam-




5.3.3 X-ray photoelectron spectroscopy
To determine exactly what functional groups are on the functionalized SWNTs, X-ray pho-
toelectron spectroscopy (XPS) was used to probe the atomic species present. Since the
functional groups used were carbenes containing halogens such as chlorine and bromine,
XPS of carbene-SWNTs should show significant amounts of the appropriate halogen. Ta-
ble 5.2 shows obtained XPS data, normalized for carbon and the halogen of interest, and it
is evident that carbene-SWNT samples have the appropriate halogens present.
Sample Carbon % Chlorine %
Pristine 100 0
Dichlorocarbene (1.4% Cl) 98.6 1.4
Dichlorocarbene (5.0% Cl) 95.0 5.0
Table 5.2: Normalized carbon and chlorine atomic percentages from XPS for pristine SWNTs
and two dichlorocarbene-SWNT samples with different extents of functionalization
5.3.4 Thermogravimetric analysis
Finally, in order to confirm that the carbene groups are covalently bound to the SWNT sur-
face, a series of thermogravimetric measurements were made. Thermogravimetric analysis
(TGA) can be used to determine the purity of as-produced CNT material. TGA methods
rely on the measurement of three parameters: sample mass loss, temperature, and heating
rate, and measurements results are generally displayed as either plots of mass loss versus
temperature or mass loss versus time. To obtain binding or activation energies for a ma-
terial that undergoes a phase change from heating, a method proposed by Ozawa [77] is
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used. The Ozawa method uses differential thermal analysis (DTA) data, which is essentially
the derivative of the TGA mass loss versus temperature data. For a series of TGA/DTA
measurements with different heating rates, a plot of the logarithm of the heating rates versus
the inverse of the peak locations of the DTA measurements (in units of temperature; can
also be described as the inflection points of the relevant TGA measurements) will be linear
in nature. The activation or binding energy of this material can then be calculated from the
slope of this line; the exact methodology is described in further detail in Reference [77]. This
plot for carbene-modified SWNTs is shown in Figure 5-8, and the carbene binding energy
can be calculated from the slope of the resulting fit. The value for binding energy that was
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Similarly, Raman spectroscopy measurements of nitrobenzene-SWNTs (Fig. ??) show
that the D-peaks grow significantly compared to the G-peaks after nitrobenzene functional-
ization.
5.4 Electronic conductivity of fabricated SWNT film
interdigitated electrodes
The objective of this investigation is to determine the effect chemical functionalization has on
SWNT electrical resistance. In order to do this, the resistance of at least two different SWNT
samples, one pristine and one chemically modified, must be compared. Since electronic
measurements were done on films of SWNTs, in order to be confident that any observed
resistance differences are due only to CNT modification, precautions need to be taken to
make sure that interdigitated electrodes and CNT films are prepared as similarly as possible.
For example, if the same kind of SWNTs are used under two different electrodes, but the
SWNT density differs, then measured resistance will also differ, even though the starting
material is the same.
5.4.1 In-situ carbene and nitrobenzene SWNT functionalization
At this point, SWNT films were still being fabricated via the controlled-atmosphere evap-
orative casting. As has been shown, this method produces denser films than immersion
casting, but still suffers from the issue of film inhomogeneity. This means that in order to
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accurately compare the resistances of pristine, nitrobenzene-modified and carbene-modified
SWNT films deposited in this manner, there needs to be a way to gauge the actual density
of the film regions under test. The simple method of equating measured resistances to film
density obviously fails here because the chemically-modified SWNTs show altered electronic
conductivity. Therefore, alternate methods were needed.
In order to compare the resistance change of different types of SWNT films, differences
in the physical structure of the film must be accounted for. For example, two films each
composed of SWNTs with different inherent resistance values may show similar measured
resistances if film densities also differ. One simple way around this issue is to perform an
in-situ chemical modification. A pristine SWNT/electrode sample is first fabricated and
measured. This sample is then subject to the chemical modification, then the sample is
re-measured. Because the same sample is used for both measurements, physical differences
can be minimized.
However, in-situ functionalization can be rather complex. First, note that the carbene
reaction requires reflux for about 24 hours to complete in a solution phase. In the situa-
tion here, where the reacting SWNTs are constrained to the surface of the substrate, the
expected time for complete reaction would increase quite significantly. Also note that the
reaction conditions call for reflux while stirring in a highly basic solution, all of which are
rather detrimental to relatively fragile Pd structures deposited on silicon oxide substrates.
In fact, initial attempts resulted in the wholesale delamination of the overlying CNT film
and electrode structure due to the fact that strong bases etch silicon oxide. Further at-
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tempts were made with silicon nitride substrates, which are fairly resistant to strong base
solutions; however, the conditions required for the reaction unfailingly caused delamination
of the CNT/electrode structure.
5.4.2 Thermal defunctionalization
Another possible method to gauge the local density of deposited SWNT films is to begin
with chemically-modified SWNT films and defunctionalize to return the SWNT film to the
pristine state. Once this has been done, the now-pristine SWNT film can be measured and
compared to a control sample, and the relative resistance differences between pristine and
modified SWNTs can be derived.
Defunctionalization of chemically-modified SWNTs is typically accomplished by the ther-
mal annealing of the SWNT samples. The annealing process can remove covalently-attached
chemical groups and repair carbon nanotube defects, thus restoring electronic conductivity
in the nanotube. Thermogravimetric analysis shows that nitrobenzene functional groups
are stripped at about 400'C, and binding energy calculations indicate that carbene groups
are stripped at around 450'C. Therefore, annealing at those temperatures should effect the
removal of nitrobenzene and carbene groups from modified SWNTs.
The resistance data for all the measured samples are compiled in Figure 5-9. The vari-
ous samples all exhibit resistances with approximately the same order of magnitude, quite
different from the resistance measurements initially obtained. In particular, note that the
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Figure 5-9: Measured resistance values for pristine, nitrobenzene-modified, and two
dichlorocarbene-modified SWNT samples. Four sets of each type are shown, with each
set having a different symbol and color. The SWNT samples were heated at 300'C for half
an hour to an hour, then heated at 4000C, 4500C, and 5000 C in successive steps ranging














pristine samples, and the two dichlorocarbene samples show resistances about equivalent to
or much larger than the nitro-SWNTs. This either indicates that the original measurements
were in error or that these particular sample sets vary dramatically in film uniformity, even
though solutions of the same mass concentration were used for film deposition.
With regards to the results of the thermal defunctionalization itself, a decrease in resis-
tance is observed for all samples after the initial thermal annealing step at 3000 C. However,
at the temperatures where the nitrobenzene and carbene moieties would be expected to dis-
sociate, there is no apparent or consistent change in resistance that would correspond with
CNT repair. Higher anneal temperatures were attempted; however, the palladium electrodes
used for electrical characterization proved to be quite unstable above about 450 0 C, charring
or delaminating and making meaningful measurements impossible. In an attempt to circum-
vent this, polysilicon was used as an electrode material, but was then deemed unsuitable
because the high temperature anneal needed to make the polysilicon conductive would also
strip the functional groups of interest.
5.4.3 Resistance measurements from filter-cast SWNT films
The development of SWNT film fabrication via filtration for metal-CNT hybrid structures
provided another pathway for CNT film resistance comparison. The main advantage of the
filtration-based film synthesis process for this investigation is the control over local areal
film densities it affords. With filter-cast films, resistance differences between multiple film
samples can be more easily attributed to actual resistance differences in the constituent
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SWNTs rather than in film density.
Pristine and functionalized SWNT films for resistance measurements were fabricated with
the same process described previously in Chapter 4. The amount of filtered SWNTs were
























i i i el i i l gil ll el lllli•
Figure 5-10: Measured
nitrobenzene-SWNTs.
resistance of filter-cast films of pristine (TSCNT), DCC-SWNTs, and
Figure 5-10 shows measurement results from filter-cast SWNT films under interdigitated
electrodes plotted on a log y-axis. The pristine films show the lowest resistance, with the
dichlorocarbene-modified (DCC) SWNT films about an order of magnitude more resistive.
However, the nitrobenzene-SWNT films exhibit resistances at least two orders of magnitude




Within experimental constraints, this seems to support the hypothesis that carbene function-
alization degrades SWNT conductivity less than a more typical sp3-type functionalization.
5.5 Fermi level shifting effects of carbene-modified SWNTs
From an electrical engineering viewpoint, the viability of CNTs as electronic components
depends strongly on the controllability of CNT electronic properties such as Fermi level.
Specifically, CNT Fermi levels are important because they affect electronic conductivity by
mediating carrier concentration and contact resistance. Fermi levels in most semiconductors
can be controlled by impurity doping; the same has also been done with CNTs [78] [79].
CNT Fermi level control is also theoretically possible by covalent modification with electron-
donating or -withdrawing groups; unfortunately, the concomitant conductivity degradation
associated with typical covalent chemical modification makes this approach unattractive.
However, carbene CNT chemistry may allow CNT Fermi level control via covalent modifica-
tion without the accompanying loss in electronic conductivity. Recent work by Miller et al
indicates that covalent carbene functionalization of (5,5) SWNTs can produce work function
shifts of up to approximately 0.22 eV [80].
5.5.1 Measurement setup
In order to gauge Fermi level differences between pristine and functionalized SWNTs, an
open-circuit potential measurement technique was devised. The measurement system con-
sists of SWNT films immersed in an aqueous salt (1.0M NaC1) solution. The potentials of
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the SWNT films are measured periodically with respect to a reference electrode (Ag/AgC1),
also within the salt solution.
Ag/AgCI reference electrode
CNT electrode
Figure 5-11: Experimental setup for the measurement of open-circuit potentials of CNT film
electrodes.
A note on nomenclature
Many different types of CNTs were used for these experiments. For clarity, CNT samples
will be labeled in the following manner:
(precursor-type) - (functionalization type)-(functionalization %)
The (precursor type) refers to the starting CNT material, the (functionalization type)
refers to the type of functionalization associated with the sample, and (functionalization %)
refers to the extent of functionalization. The possible values are tabulated in Table 5.3, and
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Table 5.4: CNT sample labels and actual sample numbers
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5.5.2 Open-circuit potential measurements: steady-state values
Theoretically, the open-circuit potential of any sample in this static situation should remain
constant after some initial acclimatization period. In addition, the open-circuit potential
value should be independent of the sample mass, because it should reflect a material property
(Fermi level). To check these assertions, the open-circuit potentials of a series of SWNT film
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open-circuit potential of pl SWNT samples with different masses
As Figure 5-12 shows, measured open-circuit potentials change significantly in the first 5
hours, but then settle down to near steady state. In addition, samples with different masses
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Figure 5-13: Measured open-circuit potential of pl samples versus measurement time. Dif-
ferent data sets represent individual samples measured at a particular date.
Figures 5-13 and 5-14 show open-circuit potentials for two types of unmodified SWNTs,
pl (Fig. 5-13) and p2 (Fig. 5-14). Note that there appears to be a fairly significant change
in steady-state potential for both SWNT types between different samples, corresponding to
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Figure 5-14: Measured open-circuit potential of p2 samples versus measurement time. Dif-
ferent data sets represent individual samples measured at a particular date.
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5.5.3 Open-circuit potential measurements: stability over time
If the measurements for various pristine CNT samples are plotted as a function of measure-
ment date, the stability of open-circuit potentials over longer time periods can be examined.
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Figure 5-15: Measured open-circuit potential of pristine SWNT samples versus measurement
date.
If the measurements for various pristine CNT samples are plotted as a function of mea-
surement date, the stability of open-circuit potentials over longer time periods can be exam-
ined. From the resulting plot, shown in Figure 5-15, there appears to be a general upward










the SWNT material or the measurement setup; since measurement relies on potential com-
parison against a Ag/AgCl reference electrode, any changes in the reference electrode would
naturally be reflected in the data. The abrupt potential shift observed for the p2 and pl
samples near the end of April coincides with the introduction of platinum wire as a counter-
electrode (May 4th), rather than another SWNT sample as was done previously. This could
certainly change the measured open-circuit potentials, and may be the reason for the local
potential shift around that time. However, note that this potential shift is much larger for
the p2 sample than the pl sample. In addition, the upward potential shift is exhibited even
before introduction of the platinum wire. This may indicate that the potential increase is
not purely due to a systemic cause. Instead, it is possible that the SWNT material some-
how changes in that time period, perhaps due to atmospheric contamination. To see how
prevalent this phenomenon is, measured potential values for functionalized SWNTs can also
be plotted versus the date of measurement.
Results for functionalized SWNT samples
Figures 5-16, 5-17, and 5-18 show measured open-circuit potentials plotted versus measure-
ment date for pl-, p2-, and p3-derived samples, respectively. For the pl- and p2-derived
samples, measured potentials all exhibit an upward trend over a period of several months.
The measurements for p3-derived samples do not span enough time for a meaningful con-
clusion.
Measured open-circuit potential values for all carbene-functionalized SWNTs seem to
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Measured final open-circuit potential of p2-derived samples versus date of
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DCC-1.4%, pl-DCC-5.0%, and pl-DCC-4.5% samples all approach the pristine pl potential
after about two months. The same is true of SP-derived samples, with p2-DBC-5% and p2-
DBC-3% decaying toward the pristine value (not enough data is available for p2-DCC-1%
to draw the same conclusion). The starting difference between the p3-based functionalized
samples and the pristine material was not large in the first place, but the p3 material seems
to behave differently from the pl and p2 material. Nitrobenzene-functionalized SWNTs tend
to track the general behavior of the pristine precursor material, although the potential offsets
seem to vary across different samples. One detail regarding the open-circuit potentials of NB-
SWNTs in general is that they tend to take a long time to equilibrate. NB-SWNTs usually
take about 24h to reach steady-state, whereas pristine and carbene-modified SWNTs usually
reach steady-state in less than 10h. This may be due to the increased resistivity caused by
the nitrobenzene functionalization.
The behavior of the carbene-functionalized SWNTs is of particular interest. First, note
that all DCC-functionalized samples show potentials lower than the pristine precursor mate-
rial. This is in agreement with theoretical calculations done by Miller et al [80], which show
that dichlorocarbene functionalization results in an increase in work function, which corre-
sponds to a decrease in Fermi level relative to the vacuum level and therefore open-circuit
potential. In addition, of the pl-derived DCC samples (Fig. 5-16), one sample (pl-DCC-
1.4%) is functionalized with 1.4% DCC, whereas the other two (pl-DCC-5.0%, pl-DCC-
4.5%) are functionalized with 5.0% DCC. This difference in the extents of functionalization
seems to be directly reflected in the initial open-circuit potential measurements, with the
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less-functionalized pl-DCC-1.4% sample showing a smaller potential difference from the pris-
tine material than the more-functionalized pl-DCC-5.0% and pl-DCC-4.5% samples. This
would seem to indicate that the open-circuit potential shift, which should be directly corre-
lated to Fermi level shift, is also directly correlated to the extent of functionalization. Note
that the pl-DCC-5.0% and pl-DCC-4.5% samples do not have the same potential; however,
the anomalously non-monotonic behavior of the pl-DCC-4.5% sample with respect to mea-
surement date may indicate that there is something different about it. All the potentials
of the DCC samples decay to that of the pristine material after a few months, which may
be related to dichlorocarbene group stability. If carbene-modified SWNTs do begin to lose
functional groups or electron donating/withdrawing capability, then that would explain the
decay in measured potentials.
The dibromocarbene-functionalized p2-based SWNT samples also behave in a similar
fashion (Fig. 5-17), initially displaying larger potential differences from the pristine material
and decaying as time passes. However, unlike the DCC case, one of the DBC samples
(p2-DBC-5%) shows initial potential larger than the pristine precursor material, whereas
the other DBC sample (p2-DBC-3%) has initial potential lower than the pristine material,
similar to the DCC case. The functionalization extents for these two samples are 5% for
the p2-DBC-5% sample and 3% for the p2-DBC-3% sample. In direct opposition to the
DCC samples, functionalization extents for DBC samples seem to be inversely related to
the open-circuit potential shift. However, the theoretical calculations done by Miller et
al on work function shift due to carbene functionalization do show an anomalous shift by
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DBC-modified SWNTs at about the same functionalization extent seen here. This shift,
which occurs for DBC addition in the particular configuration, occurs because of interference
between bromine atoms on neighboring DBC groups. This phenomenon does not seem to
occur for DCC, possibly because chlorine atoms have a smaller radius than bromine atoms.
The DCC-functionalized based on a p3 precursor (Fig. 5-18) does not seem to behave
like the pl and p2-based SWNT materials. This may be due to differences in the precursor
material, but is unclear at present.
Since carbene-SWNT potentials seems to decay with time, the initial measured potential
values are probably more indicative of electronic state changes caused by the carbene func-
tionalization. These initial measured potentials, along with calculated potential shifts from
the pristine precursor and the extents of functionalization, are tabulated in Table 5-19.
5.5.4 Relating open-circuit potential to Fermi level
From the measurements discussed above, it is clear that chemical functionalization can affect
the steady-state open-circuit potential of SWNT material. Since the open-circuit potential
should reflect the Fermi energy within the sample, it is likely that the potential differences
between pristine and functionalized SWNT samples directly correlate to differences in Fermi
energy. In order to confirm this relationship, other measurements of Fermi level must be
done.
Ultraviolet photoelectron spectroscopy (UPS) is a technique that uses photons in the
ultraviolet range to probe energy levels near where valence electrons reside in a molecule
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Final potential (mV) Potential difference Date measured / notes
from pristine (mV)
P0304-based:
pl 295 0 3/8/2007
pl-DCC-1.4% 284 -11 3/7/2007
pl-DCC-5.0% 180 -115 3/7/2007
pl-DCC-4.5% 235 -60 3/9/2007
SP-based
p2 203 0 11/8/2006
p2-DBC-5% 240 37 10/25/2006
p2-DBC-3% 128 -75 10/11/2006
p2-DCC-1% 180 -33 10/27/2006
TSCNT-based
p3 357 0 Average of all measurements
p3-NB 368 11 3/3/2008
p3-DCC-5% 378 21 Average of all measurements
Figure 5-19: Tabulated steady-state open-circuit potentials for previously discussed samples.
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or material. Since the Fermi level represents the highest energy a valence electron in a
particular material possesses, UPS is an ideal technique for investigating Fermi levels.
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Figure 5-20: Ultraviolet photoelectron spectroscopy measurements for pristine pl and pl-
DCC-5.0% (5%) SWNT material near Fermi energy. Two measurements (denoted #1 and
#2) were done for each sample. Fits for interpolation of Fermi levels are provided.
Figure 5-20 shows a portion of the UPS measurements of pristine and DCC-modified
SWNTs (pl and pl-DCC-5.0%, respectively). The Fermi energies of the samples can be
estimated by using linear fits (shown in Fig. 5-20) and extrapolating the fits to the x-axis.
The energies at which these lines intersect the horizontal energy axis are the Fermi levels.
Via this method, the Fermi levels of the pristine pl SWNTs and the pl-DCC-5.0% SWNTs
can be estimated to be about 4.9 eV and 4.7 eV, respectively. The Fermi energy difference,














SWNT Fermi levels can also be estimated by calculating absolute electrode potential of
the reference electrode used in the open-circuit potential measurements. The silver/silver
chloride (Ag/AgC1) reference electrode has a potential of +0.225V with respect to the stan-
dard hydrogen electrode, which in turn has an absolute potential of about 4.44V. Therefore,
the open-circuit potential of measured SWNT samples can be converted into absolute po-
tentials, as shown in Table 5-21.
The model calculations done by Miller et al [80] are for carbene additions onto (5,5)
SWNTs. The (hor) and (skw) designations refer to different configurations of the carbene
group on the SWNT sidewall - specifically, the (hor) designation refers to a carbene group
that adds to two carbon atoms perpendicular to the SWNT axial direction, and the (skw)
designation refers to a carbene group that is not perpendicular to the SWNT axial direction.
These different configurations, due to electronic interactions, lead to Fermi level shifts that
can differ quite significantly, as shown in Figure 5-21. Of particular note is the dibromo-
carbene (DBC) numbers, which show that the calculated (hor) shift has the opposite sign
of the (skw) sample; this was theorized to be due to bromine-bromine interference in the
(hor) configuration, which would significantly change the electron-withdrawing characteris-
tics of the group. While the extent to which (hor) and (skw) configurations appear in these
samples is undetermined, it is interesting to note that the more-functionalized DBC sample
(p2-DBC-5%) shows an open-circuit potential shift of opposite sign to the less-functionalized
p2-DBC-3%, which could be explained by bromine-bromine interference. This phenomenon
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Final potential / Potential difference Calculated Fermi level
absolute potential (V) from pristine (V) shift from pristine (V)
P0304-based:
pl 0.295/ 4.960 0
(UPS: -4.9)
pl-DCC-1.4% 0.284/ 4.949 -0.011
pl-DCC-5.0% 0.180/4.845 -0.115 -0.11 eV (hor)
(UPS: -4.7) (UPS: -0.2) -0.22 eV (skw)
pl-DCC-4.5% 0.235/ 4.900 -0.060
SP-based
p2 0.203/ 4.868 0
p2-DBC-5% 0.240 /4.905 0.037 +0.24 eV (hor)
-0.18 eV (skw)
p2-DBC-3% 0.128/4.793 -0.075
p2-DCC-1% 0.180 / 4.845 -0.033
TSCNT-based
p3 0.357 / 5.022 0
p3-NB 0.368 / 5.033 0.011
p3-DCC-5% 0.378 / 5.043 0.021 -0.11 eV (hor)
-0.22 eV (skw)
Figure 5-21: Tabulated open-circuit voltage and UPS measurements, as well as calculated
Fermi level shifts from [80]. The percentages in the first column indicate the extent of func-
tionalization. The second column lists the measured OCV values (first) and the equivalent
absolute potential (second), as well as Fermi level data obtained from UPS if available. The
third column lists the difference in potential between functionalized samples and the corre-
sponding pristine precursor, and the fourth column lists Fermi level shifts calculated Fermi
level shifts [80].
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does not appear for the DCC samples, perhaps because chlorine atoms are smaller than
bromine atoms. Finally, the DCC sample synthesized from p3 does not exhibit the same
kind of shift as the pl-based material does, possibly due to differences in the starting ma-
terial. Nevertheless, the relatively close correlation of calculated absolute potential to the
actual UPS-derived Fermi level for the pl-derived samples shows that the open-circuit po-
tential measurement technique may be a useful technique for determining Fermi energy.
In addition, the difference in open-circuit potentials between the pristine (pl) and DCC-
functionalized (pl-DCC-5.0%) samples can be directly observed as a Fermi level difference
via UPS measurements.
5.6 Summary
Chemical functionalization of CNTs has many useful benefits, especially in terms of post-
growth processing and CNT property modification. Covalent functionalization allows for
strong coupling between functional groups and individual CNTs. However, to date, cova-
lent CNT functionalization has always resulted in significant degradation of CNT electronic
conductivity. The use of carbene-based chemistry as described in this chapter may allow for
the benefits of covalent chemical modification without significant sacrifice in conductivity
performance. In addition, CNT Fermi level shifting due to carbene functionalization has
been demonstrated, and some degree of control over the amount of shift may be possible





Carbon nanotubes possess many potentially useful properties, particular in terms of elec-
tronic device and interconnect applications. However, due to their discrete nature, incorpo-
ration of CNTs into an integrated circuit environment will require new processing techniques,
as discussed in Chapter 2.
One method to fabricate horizontal CNT structures for electronic interconnect appli-
cations is via deposition or assembly of SWNTs. However, many challenges need to be
overcome for post-growth CNT deposition processes to become viable in commercial ap-
plications. Chapter 3 describes methods for the directed assembly of SWNT material from
solvent dispersions onto lithographically-patterned surfaces. While some degree of alignment
and placement can be achieved, far more work needs to be done before SWNT deposition
accuracy can rival that of standard semiconductor processes. In addition, the achievable de-
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position densities via directed assembly techniques are far too low for typical back-end inter-
connect applications. Modeling work done by Naeemi and coworkers indicate that semiglobal
or global CNT interconnects will need to be composed of dense bundles of aligned CNTs in
order to compete with metal interconnect structures, and even so significant performance
enhancement will probably not be seen until the 22-nm technology node [17]. While CNT
bundles for vertical via applications can be relatively easily grown, notwithstanding growth
temperature issues, deposition of CNTs from dispersions cannot as yet fabricate horizontally-
aligned bundles, or even dense, aligned assemblies of CNTs. CNT monolayer structures have
also been proposed as a potential local interconnect solution [19], due to the capacitance-
dominated latency at short length scales; while this would require assembly and alignment
on the single-nanometer scale, it would certainly be easier to achieve with CNT deposition
than the deposition of highly-aligned bundles. However, fabrication of such structures would
probably involve extremely high-resolution lithography and more importantly well-controlled
individual CNT-CNT interactions, which has not yet been achieved.
Chapter 4 explored the possibility of using standard semiconductor optical lithography
processes to pattern dense, randomly-aligned SWNT films. Several potential methods for the
synthesis of dense SWNT films were investigated. Of the three methods treated, filtration-
based SWNT filmcasting resulted in the most uniform and controllable SWNT films, at the
expense of increased process complexity, particularly with respect to SWNT film transfer
from filter to substrate. A new type of CNT-based resistor structures involving a combination
of metal and CNT films was proposed, and attempts were made to fabricate samples. Elec-
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tronic measurements of the palladium/CNT-film and oxide/CNT-film resistor structures that
resulted indicates that randomly-aligned SWNT films are unable to compete with equivalent
structures fabricated purely from metal. This is primarily due to the discrete and anisotropic
nature of carbon nanotubes, which results in very low packing density and poor isotropic
performance compared to metal structures. In addition, measurements of the fabricated
resistor structures proved to be highly variable, making it difficult to correctly assess the
potential of metal-CNT film structures. The high surface roughness of the randomly-aligned
CNT films also propagates up to the metal layer deposited onto the CNT films, which de-
creases the overall conductivity of the metal film as well as possibly providing pinholes and
discontinuities that allow etching processes to damage the underlying film. The significant
thickness difference between the CNT and metal films (up to about 200 nm for CNT films
and about 30 nm for Pd films, respectively) may be another issue, as any good CNT-CNT
contacts imparted by the deposited metal film may only occur in the top section of the
CNT film. Finally, the difference in surface energies between unmodified SWNTs, which
tend to be hydrophobic, and deposited metal, which tend to be hydrophilic, means that the
morphology of the deposited metal film will most probably be of a granular structure, which
results in a much lower conductivity. As such, it is difficult to conclude exactly how much
of the data observed here is due primarily to unoptimized processing techniques and how
much of the data is due to the metal-CNT film hybrid material, although it is a safe bet to
assume that processing accounts for a lot of the discrepancies and variations observed.
In chapter 5, a method for the covalent modification of SWNTs without the drastic con-
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ductivity decreases typically associated with such functionalization was investigated. Resis-
tance measurements on films of these carbene-functionalized SWNTs showed that while the
carbene chemistry still degraded SWNT electronic conductivity, the amount of degradation
was significantly less than that observed for a more typical covalent functionalization scheme
utilizing diazonium reagents. In addition, there is also evidence that covalent carbene mod-
ification can change SWNT Fermi levels, and that these Fermi level shifts can be controlled
by varying reaction parameters such as extent of functionalization and type of functional
group.
6.2 Outlook
CNT-film and Pd/CNT-film structures as fabricated in this thesis do not appear to pro-
vide performance improvements over standard metal structures. However, this does not
mean that these structures will never be competitive. Issues that need to be addressed for
better evaluation of the prospects of CNT-film and metal/CNT-film structures include find-
ing methods to fabricate aligned and dense CNT films, refining film transfer and structure
fabrication processes, and improving understanding of the exact nature of the metal-CNT
interface in these hybrid composite materials. It is safe to say that structures incorporating
randomly-aligned CNTs will probably never be a good candidate for high-performance inte-
grated circuit interconnects, due to the low packing densities, alignment and high incidence
of interfaces inherent in such a material. However, any application of CNTs in the integrated
circuit environment will require the use of metal as bridging contacts, and the concept of
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a hybrid metal/CNT structure, with its inherent simplicity in terms of lithography, is an
option that should be considered further.
An alternate approach to fabricating a metal/CNT hybrid material is to use electro-
plating. Electroplating is the current technique of choice for depositing copper interconnect
layers on integrated circuits. If CNTs are incorporated into the electroplating bath, then
metal-CNT composites can be fabricated [70][71]. In this way, the issue of surface interface
roughness between the CNT and metal film becomes a moot point, and better contact can be
achieved between the metal and CNT phases. Such a process would need to meet a number
of criteria. First, to assure good CNT dispersion within the metal matrix, the CNTs must be
well-dispersed in the plating bath. For the incorporation of CNTs to have any appreciable
effect, it is likely that the density of dispersed CNTs will need to be fairly high, and efforts to
fabricate CNT composites with high CNT loadings have met with limited success, often re-
quiring mechanical mixing of the two different materials (see 4.3.1 on p.93 and 4.3.2 on p.95).
Yet another alternate approach might be to use an electrically-conducting deposited CNT
film as a seed layer for further metal electroplating. This approach would neatly sidestep
the requirement for CNT dispersion in the plating bath, and the porous nature of the CNT
film may allow for more extensive penetration of metal atoms than the hybrid approach
described previously.
While this thesis focused on the investigation of bulk metallic interconnect materials
incorporating CNTs, this may not be the optimal approach for future technology generations.
As integrated circuit device dimensions continue to shrink, local interconnect pitches will
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begin to approach the size scale of individual CNTs. For example, at the 18 nm technology
node, targeted for 2018, Metal 1 pitches are projected to be 36 nm, implying linewidths
smaller than that. At that size scale, interconnect lines will essentially be nanoscale elements,
and therefore the emphasis will be on incorporating the nanoscale conductors, whether metal
nanowires or carbon nanotubes, into the bulk matrix of insulating inter-level dielectrics,
versus the conducting bulk matrix discussed here. While such an interconnect structure will
still need high density and alignment, these requirements will arise from the complexity of
the structure itself, as opposed to arranging discrete, nanoscale elements to compete with
bulk interconnects. Nevertheless, the disposition and behavior of nanoscale elements within a
surrounding matrix will remain important, and work toward integrating nanoscale structures
into integrated circuit manufacturing processes will need to emphasize this area.
Finally, the discrete nature and size scale of carbon nanotubes and other such high
aspect-ratio nano-materials make quantifying performance characteristics of assemblies of
such materials difficult. While characterization of individual CNTs is relatively simple, the
manipulation and measurement techniques used are not easily scalable to larger, entangled
networks of CNTs, especially given the heterogeneity (physical and electronic structure) of
the individual CNT components. Combining these entangled CNT networks with another
material further increases the difficulty of quantification. Therefore, better techniques for
the rapid measurement and assessment of relevant CNT (and other nano-material) ensembles
need to be developed.
While this work focused on the use of SWNTs, MWNTs may prove to be more useful in
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certain applications. The concentric nature of MWNTs make them a particularly appeal-
ing candidate for interconnect applications that would otherwise require dense bundles of
SWNTs; the SWNT shells that compose MWNTs are naturally aligned and ordered due to
the MWNT structure. Because MWNTs are inherently composed of multiple SWNT shells,
and only one shell needs to be metallic for the entire MWNT to be metallic, the likelihood
of finding a metallic MWNT is significantly higher than the equivalent SWNT case. One
challenge is that in order to take full advantage of MWNT conductivity, good electrical con-
tact must be made with all the shells of the MWNT. However, this is also the case for dense
SWNT bundles.
Carbene-based covalent functionalization is a promising method for modifying the elec-
tronic properties of SWNTs without the attendant degradation in conductivity. In the
experiments described here, carbene-modified CNTs still showed a fairly significant increase
in resistance, about 6 or 7 times, but this could easily be due to factors such as contact
resistance. In any case, further measurements and refinements to the fabrication process
should be made in order to more precisely gauge the extent of conductivity change due to
carbene chemistry.
The capability for SWNT Fermi level tuning via carbene chemistry is also quite intriguing.
In addition to the obvious possibilities of doping for CNT devices, Fermi level shifting may
also be useful for other applications. For example, if the degree of Fermi level adjustment
can be made large enough, semiconducting SWNTs can be made into metallic SWNTs by
moving the Fermi level into the valence or conduction bands. Since as-synthesized SWNTs
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tend to be heterogeneous mixtures of the two types, a method for generating purely metallic
SWNTs would be very useful, particularly for interconnect-type applications. In addition,
controlled Fermi level shifting may allow for the improvement of metal-CNT interfaces. By
tailoring CNT Fermi levels to match those of the metal, contact resistance due to Schottky
barriers can be minimized. In addition, CNT carbene chemistry may provide a way to modify
CNT surface energies, which could be used to match deposited metal surface energies and
improve the morphology of metal-CNT interfaces. The property-tuning characteristics of
carbene-CNT chemistry could prove useful in a variety of other applications, such as the
incorporation of CNTs into composites for high-performance applications as well as the use




A.1 CNT types used
A variety of carbon nanotube types were used. As-received material include "purified" P0304
and "super-purified" SP331 (Carbon Nanotechnologies, Inc), as well as "purified" TSCNT
(Thomas Swan). Chemically-modified nanotubes include dichlorocarbene (DCC)-TSCNT
and nitrobenzene (NB)-SP331 and TSCNT.
As-received CNTs: SP331 and TSCNT samples were dispersed in dichlorobenzene, chlo-
roform, or a 1% SDS water solution (depending on application) via ultrasonication for -30m.
The dispersions were then vacuum-filtered over nitrocellulose membranes. No subsequent
wash was used for samples dispersed in dichlorobenzene or chloroform, but SDS samples
were rinsed with water until filtrate showed no signs of surfactant.
Chemically-modified CNTs: Initially, DCC-TSCNTs and NB-TSCNTs/SP331 were fil-
tered straight from the reaction mixture. For the DCC-TSCNT case, the final reaction
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mixture was in hexane, and for the NB-CNT cases, the final mixture was 1% SDS/water.
In both cases, filtering directly from the reaction mixture proved to be problematic, yielding
films with poor structure. As an alternative, chloroform was found to be a suitable solvent
for dispersing the final recovered DCC- and NB-CNTs. These samples were then processed
in the same fashion as the as-received CNTs.
A.2 Surface preparation
Self-assembled monolayers (SAMs) are used to either attract or repel CNTs from a surface.
It has been shown [44][45][46][47][48] that SAMs of polar molecules tend to attract CNTs,
whereas SAMs of nonpolar molecules tend to repel CNTs. In this thesis, SAMs are used
to direct the assembly of immersion-cast CNTs, to improve the adhesion of CNTs to the
substrate for future processing, and to act as an adhesion layer for deposited metal.
Surface modification was done via the growth of self-assembled monolayers (SAMs) of
either thiol or silane-based ligands depending on the substrate.
A.2.1 Self-assembled monolayers on palladium
A few samples discussed in this thesis were fabricated by CNT deposition on a palladium
surface. For monolayer growth on palladium, the same kind of ligands used for monolayer
growth on gold can be used, because both are noble metals.
Self-assembled monolayers (SAMs) on palladium were grown by adapting SAM growth
techniques on gold. To improve CNT adhesion on palladium, mercaptopropionic acid (MPA)
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monolayers were used. First, the Pd-coated substrate was wiped with a Kimwipe wet with
isopropanol. Subsequently, the substrate was immersed in a 10M solution of MPA in ethanol
for some time, ranging from 1h to overnight. After growth, the substrate was retrieved from
the MPA solution, rinsed with ethanol, then dried under nitrogen.
A.2.2 Self-assembled monolayers on silicon dioxide and nitride
SAM growth on silicon oxide and nitride seem to be more sensitive to surface contamination,
so substrates were cleaned before monolayer growth. Initially, the cleaning process for silicon
oxide consisted of immersion in piranha solution (3:1 sulfuric acid : hydrogen peroxide,
extremely exothermic and hazardous) for 15-20m, followed by immersion in an SC1 bath
(5:1:1 water : hydrogen peroxide : ammonium hydroxide) at 70'C for 15m. Eventually,
the SC1 step was neglected, because the piranha cleaning step seemed to be adequate. For
silicon nitride, the surface cleaning process consisted of treatment with hot sulfuric acid
(70 0 C), followed by a brief oxygen plasma etch ("5m).
SAMs on silicon dioxide and nitride were grown by using silane molecules, which bind
covalently to silicon. For microcontact printing applications, backfill growth of APTES
monolayers were done by immersion of the stamped substrates into a 10/iM solution of
APTES in anhydrous toluene for 30m. For APTES SAM growth of lithographically pat-
terned samples, this approach proved unsuitable because of the incompatibility of toluene
with photoresist. To circumvent this issue, a vapor deposition method was developed. This
vapor process involves placing the clean silicon oxide samples in a desiccator with an open
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vial containing -1 mL of APTES. The desiccator is then pumped down with a membrane
vacuum pump for 60m. Afterwards, the samples are used without further cleaning.
A.3 CNT casting methods
A variety of CNT casting methods were used in an attempt to achieve film density and
uniformity.
A.3.1 Immersion-casting of CNTs
Immersion-casting processes for depositing CNTs on surfaces were very simple. Essentially,
the process consists of immersing the substrate into a CNT dispersion for periods of time
ranging from 10s to overnight. After deposition and substrate withdrawal, samples can be
rinsed by immersion or sonication in clean solvent. For the patterned assembly processes,
sonication was used to remove CNTs adsorbed to OTS regions; however, for fabrication of
CNT resistor structures, no further cleaning was done to retain as much CNT material on
the surface as possible.
A.3.2 Saturated-atmosphere evaporative CNT film casting
Saturated-atmosphere evaporative CNT casting occurred in a specially constructed alu-
minum table with wells. The setup is shown in Figure A-1. For a particular sample, solvent
was placed in a well and the well covered with an inverted Petri dish. The system was
allowed to equilibrate for 30m, then a v-APTS sample was placed on a microscope slide
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suspended above the well. Several drops of the appropriate CNT solution were dropped onto
the sample, and the sample was allowed to dry. Depending on the solvent used, drying took
from 12h to 36h.
Figure A-1: Experimental setup for saturated-atmosphere evaporative dropcasting.
A.3.3 Filter-based CNT film casting
Fabrication and transfer procedures for filter-cast CNT films were adapted from Wu et al [73].
The original method, as published, used a dispersion of CNTs in a 1% surfactant (sodium
dodecyl sulfate, SDS) aqueous solution filtered onto a mixed cellulose ester (MCE) filter
and subsequently washed with water to remove excess surfactant. Transfer to a surface is
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accomplished via one of two methods. In the first method, the filter bearing the CNT film
is allowed to float freely in an acetone bath to remove the MCE filter. The CNT film is then
transferred to several successive acetone baths, then to a final methanol bath. In order to
actually transfer the film to a substrate, the substrate is used to pick up the free-floating
CNT film from the solvent bath and then dried. This method proved rather tedious and time-
consuming, and does not allow for good alignment of the film on the substrate. Therefore,
Wu and coworkers used another transfer method, in which the wet (with water) MCE film is
placed face-down on the substrate, positioned and aligned as desired, then dried in an oven
with weights placed above. As the filter and film dry, they come into close contact with the
substrate, and the subsequent filter removal with acetone can be done without damaging the
CNT film.
For the fabrication of the CNT films used in this thesis, the filtration and transfer pro-
cedures were adapted slightly. One drawback to the published method is that the deposited
density is limited at the lower end due to the washing necessary to remove excess surfactant.
If the film is too thin, then addition of the water will tend to disrupt the film regardless
of how long the sample is allowed to dry. The solution was to find an alternate solvent
for CNT dispersion and filtration. This was also necessary because films of functionalized
CNTs were needed, and functionalized CNTs do not disperse well in a surfactant solution.
For CNT-based resistors, the solvent used was dichlorobenzene, and for functionalized films,
chloroform was used. Both solvents dispersed their respective CNTs relatively well, and were
compatible with the nitrocellulose filter used.
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Film transfer procedures also needed to be modified. The pickup-from-solvent method
of film transfer proved extremely cumbersome in practice, so the contact-drying method was
adopted initially. As per the published procedure, water was used as the wetting solvent,
which meant that the CNT-bearing filters had to be dried before the transfer procedure.
However, since the substrates used for CNT-based resistor and functionalized CNT electrode
fabrication were fairly small (1 cm x 2 cm), the contact region between the CNT/filter
samples and the substrate was not large enough to assure adhesion. Most often, the filter
would adhere to the weights used to apply pressure during the drying procedure. Using
absorbent paper as a barrier failed to improve filter adhesion to the substrate, as did using
waxed paper and aluminum foil. To address this, the drying step was attempted without
the weights. Unfortunately, quite often during drying the filter-CNT assembly would curl
up, usually with the CNT-bearing side ending up concave and making further attempts even
more difficult.
Since the contact-drying method did not seem to work particularly well for these samples,
a new transfer method was adopted. Solvent would still be used to stick the CNT-bearing
filter to the substrate; however, it would not be allowed to dry before the filter removal
process began. That way, as the filter dissolved, the CNT film would be transferred directly
to the substrate. This method met with the most success, and after a few refinements
eventually ended up being how most CNT films in this thesis were transferred (Fig. A-2).
First, the substrate-filter combination could not be placed into the acetone bath, because the
motion would typically dislodge the film-bearing filter from the substrate, then immediately
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begin to dissolve. Instead, the acetone had to be added to the container with the substrate.
Second, the addition of the acetone had to be controlled fairly carefully, because the film
could be very easily dislodged as acetone was added. To ease this problem, dichlorobenzene
was used as the wetting solvent. Dichlorobenzene is not as miscible with acetone as water
is, and so the layer of dichlorobenzene acts as a buffer for the film.
Nitrocellulose filter fte rNftwilulose fifter Ntolla~
1) Wash with acetone (3 x 30m)




Step 1 Step 2 Step 3 Step 4
Figure A-2: Filter-cast film transfer procedure. In steps 1 and 2, the filter bearing the CNT
film is wet with dichlorobenzene and placed face-down on a APTES-functionalized silicon
oxide surface. In step 3, the sample is then successively immersed in three baths of clean
acetone for 30m each, followed by a final rinse in methanol for 30m. The final sample (step
4) consists of just the CNT film on the APTES-functionalized substrate.
The procedure eventually adopted is as follows:
1. Disperse CNTs in DCB or chloroform until solution transparent and no particulates
visible.
2. Filter measured amount through nitrocellulose, making sure total solution volume ap-
proximately 10mL for 25mm filter diameter.
3. Allow filter to dry for about 5m on vacuum, then remove to allow solvent to dry fully.
4. Cut appropriate sample size for transfer onto APTES-functionalized silicon substrates.
5. Wet sample with DCB and transfer to APTES silicon, face down, making sure that
entire filter surface adheres to silicon. DCB-wet nitrocellulose is transparent, making
this relatively simple.
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6. Add acetone to begin filter dissolution ( 3-5mL).
7. After 30m, repeat twice, removing old solvent and adding new.
8. After third acetone wash, remove acetone and add methanol.
9. After 30m, remove sample and let air-dry.
More adhesion problems cropped up during the filter removal process. After the initial
acetone wash, removing the substrate is fairly simple, because enough dissolved nitrocellulose
remains on the sample to bind the film to the substrate. However, during the second and
third acetone rinses, quite often the film would just release from the substrate and float
free. Some of these films could be recovered by judicious manipulation, but the thinner films
tended to be particularly stubborn. To remedy this, after removal from each rinse but before
the next rinse, the samples were allowed to dry. After drying, film delamination became far
less problematic.
A.4 Electrode fabrication and measurement
The fabrication process was a standard optical lithography/sputter/liftoff procedure, result-
ing in 30nm thick Pd structures. I-V measurements were done with an Agilent 4155C
semiconductor parameter analyzer coupled with a Cascade Microprobe probe station. High-
resistance samples were measured with a two-probe technique, whereas lower-resistance sam-
ples were measured with a four-point Kelvin method.
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A.4.1 Lithography
Some electron-beam lithography was done for interdigitated electrode fabrication. The pro-
cess is as follows:
1. Bake sample in 130'C convection oven for 5m to remove excess moisture.
2. Spin-coat 3% PMMA in anisole (enough to cover most of sample) for 75s at 3000rpm.
3. Postbake sample in 130'C convection oven for 90m, no water required.
4. Submit sample for electron beam writing (Scanning Electron Beam Lithography (SEBL)
facility, Mark Mondol)
5. After writing, develop in 1:2 methyisobutylketone (MIBK) : isopropanol for 60s, rinsing
with isopropanol.
Optical lithography for the fabrication of Interdigitated electrode and CNT-based re-
sistors, both based on metal liftoff process, initially used a clear-field mask with AZ5214
negative photoresist. The typical lithographic procedure with AZ5214 was as follows:
1. Bake sample in 1300C convection oven for 5m to remove excess moisture.
2. Spin-coat hexamethyldisilazane (HMDS) adhesion promoter (enough to cover most of
sample) for 10s at 3000rpm.
3. Spin-coat AZ5214 negative resist (enough to cover most of sample) for 30s at 3000rpm.
4. Prebake in 90'C convection oven for 30m. If ambient humidity is low, add water to
the oven.
5. Expose sample with feature mask on EML HighRes exposure tool with UV filter for
10s.
6. Postbake in 90 0 C convection oven for 30m. If ambient humidity is low, add water to
the oven.
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7. Expose sample with clear mask on EML Broadband exposure tool without UV filter
for 90s.
8. Develop sample with AZ422 developer for 60-120s, rinsing with water.
Because of the lengthy bake time, the use of another negative resist, NR-7-3000P, was
investigated. When comparable results were obtained, the lithography process was modified:
1. Bake sample in 130 0 C convection oven for 5m to remove excess moisture.
2. Spin-coat NR-7 negative resist (enough to cover most of sample) for 30s at 3000rpm.
3. Prebake on 150'C hotplate for 60s.
4. Expose sample with feature mask on EML Broadband exposure tool without UV filter
for -35s.
5. Postbake on 100'C hotplate for 60s.
6. Develop sample with RD-6 developer for -30s, rinsing with water.
At some point, in order to improve feature resolution, OCG-825-CS positive resist was
used, which necessitated the fabrication of a new mask, incorporating some modifications
and improvements to the mask features. The OCG process was as follows:
1. Bake sample in 130 0 C convection oven for 5m to remove excess moisture.
2. Spin-coat HMDS adhesion promoter (enough to cover most of sample) for 10s at
3000rpm.
3. Spin-coat OCG positive resist (enough to cover most of sample) for 30s at 3000rpm.
4. Prebake in 90'C convection oven for 30m, no additional water required.
5. Expose sample with feature mask on EML Broadband exposure tool without UV filter
for 8-10s.
6. Develop sample with OCG 934 1:1 developer for -45s, rinsing with water.
7. Postbake in 900C convection oven for 30m, no additional water required.
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A.4.2 Film deposition via electron beam evaporation
Metal deposition for interdigitated electrode and the initial CNT-resistor structures was done
with the EML electron beam evaporator. In addition, oxide films were also deposited via
electron beam. A typical electron beam deposition run is as follows:
1. Attach samples to deposition plate. Large numbers of samples can be first mounted
on a glass slide, using spin-coated photoresist as glue. The slide is then attached to
the deposition plate.
2. Clean chamber, then load deposition plate and target crucibles. There is a maximum
of four materials available for deposition without breaking vacuum.
3. Check vacuum seals, deposition crystal status, and shutter status.
4. Close chamber and begin rough pumpdown. Purge with nitrogen once or twice.
5. Once pressure has dropped sufficiently (about 5m), switch to hivac pumpdown with
the cryopump.
6. Once pressure has reached about 3.0 x 10-6 torr (usually about 30m), the cooling water
and electron gun controller is switched on. After an initial warmup, the electron beam
is turned on and adjusted until the target deposition rate is reached. Note that different
materials call for different currents and heating procedures; the difference is particularly
notable between metals and oxides. Typical deposition rates range from 2 to 5 A per
second.
7. After deposition is complete, the electron beam is turned down slowly, allowing the
target to cool. If another material needs to be deposited, then the targets are rotated;
otherwise, the electron gun is turned off and the system is allowed to cool for about
15m.
8. Vacuum is then broken, the chamber opened, and the samples retrieved.
A.4.3 Film deposition via RF sputtering
The EML RF sputterer was used to deposit Pd for CNT-resistor and interdigitated electrode
samples fabricated with filter-cast CNT films. Processing filter-cast CNT films with positive
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OCG resist and electron-beam deposited Pd tended to result in liftoff failure, so the process
was changed to negative NR-7 resist (thicker film) and RF sputtering (more conformal films)
to address the liftoff issue. A typical RF sputtering run is as follows:
1. Open chamber and check target. If the target is incorrect, switch targets. For single
metal layer, use position 1.
2. Place samples on chuck and align shutters appropriately (double shutter as primary,
single unused). Also align chuck appropriately.
3. Check vacuum seals, then close chamber.
4. Begin rough pumpdown to about 500 mtorr. Nitrogen purge if necessary.
5. When 500 mtorr is reached, close roughing pump valve. Switch on the throttle valve,
turn on the hivac/cryopump, then immediately switch off the throttle valve.
6. When pressure has reached about 6.5 x 10-6 torr, deposition can begin.
7. Set the input loading and bias parameters as appropriate, make sure that the power
dial is at zero, turn on all switches, then flip on power. Turn on the MFC above and
make sure that argon is flowing, - 60 sccm.
8. After ready light turns green, press it. If the chamber does not light, use the Tesla coil
against the glass surface.
9. Increase power to the desired level (- 100W for Pd), making sure that reflected power
is minimized by changing the tuning parameters. After desired level is reached, let
equilibrate for 5m.
10. When ready, turn shutter crank 13x counterclockwise, then begin timing deposition
immediately. Typical rates are 5m / 60nm.
11. After deposition complete, press standby button and wait for 5m for cooldown.
12. Turn all switches off, then vent with nitrogen for about 30s before engaging the hoist.
13. Open chamber and remove samples.
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A.4.4 Film liftoff procedures
Film liftoff after fabrication was done by immersion in acetone until films delaminated,
followed by a rinse in methanol. Typically, a glass pipet was used to agitate the sample to
aid liftoff. For some samples, brief sonication at very low power in acetone was necessary to
complete liftoff. However, even low-power sonication can cause delamination of the desired
Pd/CNT structures; this was most pronounced for thicker CNT films, which are less well-
adsorbed to the surface, even with the aid of the APTES monolayer. Some samples were
fabricated without an APTES monolayer; however, during the liftoff phase, all CNT films
delaminated.
A.4.5 Metal etching
Wet metal etching was used for CNT liftoff after metal-masked deposition, as well as for some
CNT-resistor fabrication. Because of the extreme inhomogeneity of the wet etch process, it
was not particularly suitable for either application. Nevertheless, the etch recipes are given
here.
Gold etch recipe: used available gold etchant in EML. Etch rate labeled on bottle, 28A
per second.
Chrome etch recipe: used available CR-7 chrome etchant in EML. Etch rate varies, but
approximately 10A) per second.
Palladium etch recipes:
1. 3:1 hydrochloric acid : nitric acid. Etch rate variable, but apparently not as controllable
as second recipe.
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2. 1:10:10 hydrochloric acid : nitric acid : acetic acid. Etch rate still quite variable.
A.4.6 CNT film etching via oxygen plasma
An integral part of the CNT-resistor fabrication process is patterning of the underlying CNT
film. Since the synthesized films are entangled masses of CNTs, the simplest way to pattern
it is via etching. In addition, because the fabrication process results in patterned metal or
oxide structures above the deposited CNT film which are not as susceptible to etching, no
additional masking steps are required.
Initially, CNT-based resistor structures were etched via oxygen plasma in the EML bar-
rel asher. The asher is quite simple to use, and is certainly capable of etching CNTs. For
the! initial immersion-cast CNT resistor structures, etching for about 30m in the asher was
sufficient, but when evaporatively-cast CNT films were used, the etching times grew pro-
hibitively long, taking more than an hour to etch. Therefore, reactive ion etching (RIE) was
adopted, because of the faster etch rates achievable with RIE and the anisotropy of the etch,
which helps to prevent undercut of the CNT-metal/oxide stack. Even with RIE, some of the
thicker CNT film samples did not appear to be completely etched, at least optically (Fig. A-
3. However, conductivity measurements showed that although the etch did not appear to
be complete, the material remaining was either nonconductive or not enough remained for a
percolating network across the contact pads. The procedures for etching in the barrel asher
and the RIE follow.
Barrel asher:
1. Clean glass cylinder and seal with isopropanol.
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Figure A-3: Optical images of an oxide/CNT film resistor before (left) and after (right)
reactive ion etching.
2. Place a glass slide containing the samples to be etched, face-up, into the cylinder.
3. Holding the cylinder sealed, engage the vacuum, making sure all valves are closed.
4. When chamber has pumped down sufficiently, turn on the oxygen -valve slowly until
needle on pressure gauge falls in the indicated range (marked on the gauge).
5. Turn the power dial down to half, then turn on the RF power switch.
6. Using the tuning knob, minimize the reflected RF power (indicated by a momentary
dip in the reflect power gauge).
7. After minimization, turn the power dial up to max. Check reflected power to make
sure it is still minimized; an alarm will sound if reflected power is beyond the allowable
range. In addition, the tuning knob can be used to optimize the plasma process; adjust
it so that the plasma is brightest.
8. After the etch is finished, turn off RF power, close the oxygen valve, and release the
vacuum, making sure to hold the glass cylinder.
9. Remove samples (caution - may be hot)
Plasmatherm RIE:
1. For oxygen etching, make sure valves to all other cylinders are closed. Check that the
power cable is attached to the RIE port, and that the active chamber is set to #2
(RIE).
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2. Enter the desired etch program, working off the base program in the standard operat-
ing procedures. Due to equipment problems, the turbo pump was never used, which
changes the base pressure somewhat.
3. Begin the program with three nitrogen purge/pump cycles, 44s for each phase.
4. Follow with an initial cleaning process step of 44s with oxygen (50 mtorr) but no RF.
5. Next is a 30m cleaning process step with 50 mtorr oxygen and 250W incident power.
6. After the 30m cleaning process, the program can be aborted and the chamber vented.
7. Once chamber is vented, load samples and close the chamber.
8. Change the program so the RF process step will run for the desired time. Typically,
the 30m is changed to 10m.
9. Run the program and follow the prompts.
10. After the RF process step is finished, the program can be aborted, chamber vented,
and samples removed.
A.4.7 CNT film thermal measurements
Thermal measurements differ from electrical measurements primarily because of the difficulty
of isolation. A small air gap or a relatively thin layer of insulating material is enough to
prevent electrical leakage, but because thermal energy can propagate even through vacuum
in the form of radiation, experimental setups for thermal measurements are more difficult to
set up. Since the CNT-based resistors are composed of nanometer-scale layers of material
fabricated on a thick silicon substrate, thermal losses through the substrate will dwarf any
longitudinal thermal conduction, making it difficult to quantify thermal transport through
the resistor structure. Other researchers have addressed this issue by fabricating specially-
designed micro- and nanoscale structures, but this option was not particularly attractive
because of time and processing constraints.
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In order to determine if it was worthwhile to develop a fabrication process for CNT-
resistor thermal measurement, an initial test to gauge the thermal conductivity of synthe-
sized CNT films was done. Because of the relatively small size of the CNT films, a modified
3w method [81] was used for the measurement. The measurement setup consisted of a plat-
inum wire suspended between two stainless steel screws, which are electrically and thermally
conductive. Since the resistance of platinum (or any other metal) increases as temperature
increases, if a current is applied through the wire, its temperature will increase due to re-
sistive heating, and this temperature change will result in a resistance increase that can be
observed by measuring the voltage across the wire.
Once the baseline is established, the sample to be measured is affixed to the center of the
wire in a thermally conductive fashion. When the same current is passed through the sample,
the presence of the sample will increase thermal loss in the middle of the wire, decreasing
the wire temperature and therefore the observed voltage. This change in voltage can then
be used to determine the thermal conductivity of the sample under test.
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